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ABSTRACT 
Waterlogging stress leads to a crisis in energy 
metabolism and the accumulation of toxic metabolites due to 
the hypoxic and/or anoxic environment associated with this 
condition.  To respond and adapt to this situation, higher 
plants employ an integrated genetic program that leads to 
the induction of anaerobic response polypeptide genes that 
encode metabolic and signaling proteins involved in 
altering metabolic flow and other adaptive responses.  The 
study presented here shows that the Arabidopsis thaliana 
calmodulin-like protein CML38 is calcium sensor protein 
that serves as a member of the core anaerobic response gene 
family and is involved in modulating the survival response 
to low oxygen stress. CML38 is unique among Arabidopsis 
genes encoding seven calmodulin and fifty calmodulin-like 
proteins since it is solely induced over 300-fold in roots 
within 6 hr of hypoxia/water-logging challenge. Sensitivity 
towards low oxygen stress challenge results in the reduced 
survival of CML38 T-DNA knock-out plants, which could be 
rescued by complementation of the mutant. Based on 
subcellular localization of CML38, and proteomic studies of 
CML38 co-immunoprecipitation complexes, it appears that the 
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protein is localized to mRNA-ribonucleoprotein (mRNP) 
complexes known as stress granules (SGs) and processing 
bodies (PBs) that serve to sequester cellular mRNA in a 
non-translatable state (SG) or process it for degradation 
(PB) during stress conditions. It is postulated that CML38 
is a new target for calcium signals that regulate the mRNP 
complex during the hypoxia/flooding adaptation program in 
Arabidopsis. Phylogenetic analysis reveals that CML38 is 
part of a larger family of structurally related calcium 
sensor proteins, which form the rgs-CaM like family of 
Arabidopsis. RgsCaM was identified as an endogenous 
suppressor of posttranscriptional gene silencing in tobacco 
and as an interaction target of the tobacco etch virus 
protein helper component proteinase (HC-Pro). The present 
work also shows that CML38 shares high structural and 
functional similarities with rgsCaM and also interacts with 
the helper component proteinase (HC-Pro) in planta. Based 
on these studies, a potential role of CML38 as a hypoxia-
induced calcium sensor that regulates mRNA metabolism and 
posttranscriptional gene silencing is postulated.   
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1.1. Agronomic and ecological threat from extreme 
weather events  
The world’s population has more than doubled in the 
last five decades (2.5 billion in 1950 to 7 billion in 
2012) and is expected to exceed 9 billion by 2050 
(Population Reference Bureau's 2014 World Population Data 
Sheet, 2014). This overwhelming increase in the world 
population underscores the critical need for strategies to 
increase food production while implementing environment-
friendly energy resources, as well as the need for the 
development of bioenergy feedstocks (Global agriculture 
towards 2050, 2009).  
Meanwhile, agriculture itself is facing profound 
challenges in increasing crop productivity from land 
already under cultivation, while mitigating the threats 
from climate change and extreme weather events due to 
global warming (Assmann, 2013). These extreme conditions 
result in a higher incidence of abiotic stress conditions 
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(e.g., drought, extreme temperature, salinity and flooding) 
that have a phenomenal impact on the global crop production 
and food security (Gourdji et al., 2013; Hirabayashi et 
al., 2013; Pryor et al., 2013). Therefore concerted efforts 
are required for understanding the mechanistic basis of 
plant responses to these stresses, and for the development 
of stress resilient crop genotypes. Stress resilient crops 
not only would help global food security, but would also 
allow farmers to capitalize on sub-optimal farmland (Global 
agriculture towards 2050, 2009; O'Neil, 2013).   
In the United States over the past 12 years, flooding 
stress has ranked second only to drought stress with 
respect to agronomic losses in crop yields (Bailey-Serres 
et al., 2012b). Numerous natural plant species, and nearly 
all crop species, are intolerant to flooding and 
waterlogging.  Damages resulting from flooding stress 
affect not only general biodiversity (Silverstone et al., 
1999), but also overall food/energy production (Normile, 
2008). The implications of this emerging problem already 
show widespread effects on a number of areas. For example, 
records from the flood observatory at the University of 
Colorado, USA show that from 1985-2011 the land area 
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exposed to flooding has increased by more than 17 million 
km2, a size increase comparable to twice the size of the 
USA, and with annual estimated damages of >$80 billion 
(G.R.Brakenridge, 2005).  Also approximately 12 million 
hectares of irrigated land in the developing world have 
experienced a decline in productivity due to waterlogging 
and salinity stresses (Mancuso and Shabala, 2010). It is 
estimated that worldwide, approximately 10% of all the 
irrigated farmland suffers from frequent water logging, 
which may decrease crop productivity by 20% (Jackson, 
2005).  
In addition to the reduced crop yields, waterlogging 
damages also lead to additional economical and financial 
losses. For example, insurance payouts to farmers in the 
USA for flooding damage between 2001-2011 averaged $24 
billion per year (Bailey-Serres et al., 2012a). Moreover, 
several climate monitoring models and flood-related studies 
predict an increase in the frequency of floods globally in 
years to come (Morita, 2011; Hirabayashi et al., 2013). 
Given that waterlogging is a wide-spread problem, it is of 
great importance both ecologically and economically to 
understand the molecular and cellular basis for plant 
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susceptibility to flooding, and to understand the 
underlying mechanisms for the adaptation and tolerance to 
the stress.  This can enable the development of survival 
strategies by engineering resistance to flooding stress to 
sustain the increasing global food and fuel demands.  
1.2. Waterlogging and oxygen deprivation physiology  
 Higher plants are aerobic organisms and therefore need 
a continuous supply of oxygen to support overall growth and 
energy demands via respiration. Reduced O2 supply during 
conditions of flooding or water logging is a result of the 
slow diffusion rate (10-4 cm2/s) of O2 gas in water 
(Armstrong, 1979; Ponnamperuma, 1983; Malcolm and William, 
2002) and hypoxia or anoxia resulting from flooding is the 
primary cause of injury to the plant root tissues 
(Vartapetian and Jackson, 1997). In terms of nomenclature, 
waterlogging is often defined as the low O2 stress condition 
faced by the roots of flooded plants, while the term 
submergence refers to either partial or complete flooding 
of roots and the aerial portion of the plant (Ellis et al., 
1999; Sasidharan and Voesenek, 2015) (Figure 1.1). In the 
case of both waterlogging and submergence, roots are always 
the first to encounter the reduction in O2 availability. 
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Figure 1.1: Conditions of low O2 stress encountered 
by plants during flooding. Waterlogging is limited to 
the root tissues while submergence can be partial or 
complete inundation of the plant. In both cases, roots 
face the anaerobic challenge first. Root and shoot tissues 
of flooded plants, in addition to the surrounding soil 
have different oxygen dynamics, which reflects their 
overall response to low O2 stress conditions.  
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 This scenario can be further aggravated by soil 
microorganisms that consume the residual dissolved O2 
further exacerbating anaerobic stress (Gibbs and Greenway, 
2003; Vashisht et al., 2011). Oxygen deficiency under these 
conditions is commonly described as either hypoxia or 
anoxia as compared to normoxia, which is the condition of 
normal O2 concentration (e.g., 20.9% O2 at 20°C) (Bailey-
Serres and Voesenek, 2008).  The term anoxia (e.g., 0% O2 at 
20°C) refers to the state of complete absence of O2, which 
ultimately restricts all the energy production of the cell 
to glycolysis and fermentation (Blom and Voesenek, 1996; 
Bailey-Serres and Voesenek, 2008; Wegner, 2010).  
 Most plants can also experience less severe forms of 
oxygen-deficiency termed hypoxia (e.g., <20.9% O2 at 20°C). 
Under these conditions cells are still able to produce ATP 
via oxidative phosphorylation and consume it, albeit at a 
slower rate than under normoxia (Rocha et al., 2010). Under 
normal growth conditions, hypoxic situations may be a 
natural condition for specific tissue types or 
developmental stages (e.g., root stele), and can also occur 
in cells that are high metabolic activity (e.g., 
meristematic cells)  (van Dongen et al., 2004; Borisjuk et 
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al., 2007; Bailey-Serres and Voesenek, 2008).  Therefore, 
investigations of the low O2 signaling provides insights 
into understanding plant growth and development under 
normal and hypoxic growth conditions, as well as adaptation 
responses to the more severe flooding stress.  
1.3. Plant responses towards flooding stress 
The tolerance of plants to low O2 stress depends upon 
several factors including: genotype, developmental stage, 
and cell/-tissue type (Geigenberger, 2003; Bailey-Serres et 
al., 2012b). In addition the severity of O2 deprivation 
stress is affected by other environmental factors such as 
duration, light and temperature (Vartapetian and Jackson, 
1997; Fukao and Bailey-Serres, 2004; Licausi and Perata, 
2009b; van Dongen and Licausi, 2014). Adaptive responses 
have been investigated in a number of plant species (e.g., 
Arabidopsis thaliana, Zea mays, Solanum tuberosum, Oryza 
sativa, Rumex palustris) that differ in sensitivity and 
tolerance to low O2 (Fukao and Bailey-Serres, 2004). These 
studies have revealed the presence of both long term and 
short term responses at the genetic, metabolic/biochemical 
and anatomical level (Ellis et al., 1999; Bailey-Serres and 
Voesenek, 2008; Lee et al., 2011; Bailey-Serres et al., 
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2012b; van Dongen and Licausi, 2014). Examples of adaptive 
strategies to low O2 stress include - (1) increases in the 
glycolytic flux to provide ATP (Drew, 1997); (2) the 
elevation of fermentation metabolism to regenerate NAD+ to 
sustain glycolysis in the absence of a robust respiratory 
pathway (Roberts et al., 1984b); (3) induction of 
developmental programs designed to elevate pO2 by formation 
of aerenchyma and adventitious roots and enhanced root and 
stem elongation (Fukao and Bailey-Serres, 2004; Mano and 
Omori, 2008; Mollard et al., 2008; Hattori et al., 2009), 
and (4) an increased capacity to avoid/repair the oxidative 
damage which occurs during hypoxia as well as post-hypoxia 
re-oxygenation (Blokhina et al., 2000; Tamang et al., 2014) 
(Figure 1.2). Employing these approaches, different plant 
species adopt one of the two adaptation strategies: 1. an 
escape strategy involving directed growth or developmental 
changes to elevate O2 levels or; 2. a quiescence strategy to 
lower metabolic activity and energy needs (Colmer and 
Voesenek, 2009; Lee et al., 2011). Summarized below are 
various responses of plants at the anatomical/cellular, 
genetic and the biochemical/metabolic level (Figure 1.2). 
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Figure 1.2: Plant responses towards flooding stress. 
Biochemical/metabolic changes reduce the plant energy 
consumption by reducing the synthesis of new sugars, amino 
acids, lipids and nucleic acids, and redirecting limited 
energy resources for the transcription and translation of 
anaerobic stress proteins. This primarily involves the 
induction anaerobic response polypeptides (ANPs) (Mustroph et 
al., 2009; Mustroph et al., 2010), which encode for several 
glycolytic and fermentation enzymes as well as other key 
regulatory proteins that further help re-orient the 
metabolism to support the reduced energy levels. Another 
layer of adaptive responses include the modification of cell 
wall to prevent oxygen loss due to radial diffusion and the 
formation of specialized structures (aerenchyma) that 
provides air packets in waterlogged tissue to facilitate 
localized aerobic respiration. In some cases there is also an 
increased elongation of shoot regions to gain increased 
access to air (e.g., Rice, Rumex) (Bailey-Serres and 
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I. Cellular and anatomical strategies  
 Physiological responses involving the development of 
phenotypic/morphological adaptions towards flooding stress 
are varied among plants species depending on their genotype 
and growth conditions. In the case of deepwater rice (Oryza 
sativa), submergence promotes the elongation of internodes 
to enable the shoots to stay above the water level allowing 
a continuous air supply (Fukao and Bailey-Serres, 2004; 
Bailey-Serres and Voesenek, 2008), while lowland rice 
adopts a quiescence strategy that restricts growth to 
conserve energy (Xu and Mackill, 1996) and therefore shows 
better recovery after the water recedes (Mackill et al., 
2012).  Other examples of anatomical traits are found in a 
variety of plant species that are thought to promote oxygen 
transport to roots and enable partial sustenance of 
respiration for overall plant survival. For example, in the 
case of Quercus robur (English oak) long-term acclimation 
involves the development of hypertrophied lenticles, which 
are formed by an exaggerated growth on the stem for 
increased gas exchange and oxygen supply to roots during 
the periods of waterlogging  (Colinbelgrand et al., 1991). 
Another strategy is the formation of adventitious root 
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systems for better gas exchange and O2 trapping in the case 
of Q.robur (Parelle et al., 2006), Rumex palustris and rice 
(Visser, 1995; Voesenek and Sasidharan, 2013). Another 
developmental adaptation involves the deposition of the 
plant biopolymer “suberin” at the hypodermal/exodermal cell 
walls in the root to prevent radial O2 loss in case of 
Hordeum marinum (sea barley) (Garthwaite et al., 2008) and 
rice (Kotula et al., 2009). Finally, a well-studied 
adaptation is the formation of aerenchyma, which are 
longitudinally interconnected gas spaces that facilitate 
gas diffusion between and within roots and shoots of plant 
species like rice, maize, barley, wheat and soybean (Evans, 
2004; Kotula et al., 2009; Nishiuchi et al., 2012; Yamauchi 
et al., 2013).  
II. Genetic strategies 
Irrespective of the genotype and severity of stress 
conditions, the primary cellular response to decreased 
oxygen availability is the induction of anaerobic response 
polypeptide (ANP) genes, which represents a hallmark of the 
onset of a variety of anaerobic responses. In the case of 
A. thaliana seedlings challenged with 2 hr and 9 hr of 
hypoxia stress, about 49 core hypoxia-responsive genes were 
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identified along with cell type specific distinctions from 
translatome analysis using the polysome immunopurification 
method (Mustroph et al., 2009).   
The identified hypoxia-induced gene products include 
glycolytic and fermentative metabolic enzymes (9 out of 49; 
e.g., ADH1, PDC1, PDC2, SUS4), proteins involved in various 
signal transduction processes, transcription factors, 
scavenging and detoxification of ROS/RNS and heat shock 
proteins (HSPs) (Klok et al., 2002; Branco-Price et al., 
2005; Mustroph et al., 2009; van Dongen et al., 2009; 
Mustroph et al., 2010). These findings support the 
importance of functional genomic studies in unraveling the 
molecular responses towards anaerobic stress in different 
cell types. However, despite much progress in the 
identification of hypoxia-induced genes, almost 70% of the 
core hypoxia-responsive gene products still remain 
uncharacterized (Licausi, 2011).   
The highly coordinated transcription of genes that 
remain scattered in the plant genome but are associated 
with hypoxia response relies on the action of master 
regulators (transcription factors) and on the presence of 
their cognate DNA cis-elements in the promoter of the 
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target genes (Olive et al., 1991; Dolferus et al., 2001; 
Mohanty et al., 2005; Keene, 2007). Nineteen different cis-
acting DNA elements referred to as Anaerobic 
Response/Regulatory Elements (AREs) have been proposed in 
the Arabidopsis genome. ARE motifs show variation in their 
position and number in the promoter region, suggesting 
differential activity and variability in stress response 
(Walker et al., 1987; Olive et al., 1991; Dolferus et al., 
1994b; Dolferus et al., 2001; Mohanty et al., 2005).  
Another layer of genetic control to regulate the 
molecular responses towards low oxygen is attributed to the 
post-transcriptional regulatory strategies, involving of 
small interfering RNAs (siRNAs) and micro RNAs (miRNAs) 
(Moldovan et al., 2010a; Moldovan et al., 2010b). Genome-
wide analysis of Arabidopsis trans-acting RNAs (tasiRNAs) 
identified 34 siRNAs and 25 miRNAs that show different 
expression during the anaerobic response (Moldovan et al., 
2010b). However, only a subset of these were found to be 
up-regulated at different levels of hypoxia in addition to 
discrepancies in the abundance of their target mRNAs during 
the observed hypoxic conditions (Licausi et al., 2011b). 
Further work is required to ascertain the role of these 
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trans-acting RNAs in regulation of gene expression during 
low oxygen stress.  
Recent findings on the control of gene expression 
strategies during hypoxia stress have brought into light a 
novel strategy for the selective translation of ANP mRNAs 
and repression of most cellular mRNAs during low O2 
conditions. Subcellular ribonucleoparticles known as stress 
granules (SGs) and processing bodies (PBs) have been 
identified as sites of low O2 stress triggered, 
translationally repressed mRNA triage and processing 
centers respectively (Weber et al., 2008; Sorenson and 
Bailey-Serres, 2014). The nature and function of these 
structures in regulation of gene expression during stress 
conditions has been widely investigated in the case of 
animal and yeast models (Anderson and Kedersha, 2006; 
Gimenez-Barcons and Diez, 2011). However, their 
characteristics with respect to stored RNAs and the 
function of SG and PB-associated proteins in plant models 
specifically during low O2 stress, is still an area of 
intense debate and requires extensive research.  
Overall, the synergistic interaction of various 
combinations of the above regulatory strategies both at the 
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gene expression and post-transcriptional level helps 
orchestrate a coordinated response to anaerobic stress. 
III. Metabolic/Biochemical strategies  
 Metabolic changes that are themselves dependent on 
genetic control remain an important part of the 
physiological adaptations to low O2 stress. Energy 
management is the most important adaptive response deciding 
the survival of plants to low O2 stress (Gibbs and Greenway, 
2003; Greenway and Gibbs, 2003). Genes up-regulated in 
response to low O2 stress comprise transcripts encoding 
proteins/enzymes that facilitate the refocusing of 
metabolic activities to promote anaerobic metabolism 
(fermentation)(Mcmanmon and Crawford, 1971; Chan and 
Burton, 1992; Narsai et al., 2011; Mustroph et al., 2014). 
In the absence of oxygen, the glycolytic pathway becomes 
the main source of energy production in non-photosynthetic 
organs such as roots. The biochemical adaptation to 
maintain glycolytic ATP synthesis involves the conversion 
of pyruvate into lactate for regeneration of NAD+ by lactate 
dehydrogenase (LDH)(Roberts et al., 1984b). However, 
sustained hypoxia leads to accumulation of lactic acid, 
which ultimately contributes to the decrease in cytosolic 
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pH and causes cytosolic acidosis (Felle, 2005) unless 
prevented by other regulatory strategies. To overcome this 
problem, metabolism shifts towards ethanolic fermentation 
by the combined action of pyruvate decarboxylase (PDC) and 
alcohol dehydrogenase (ADH)(Roberts et al., 1984b). This 
adaptive strategy is one of the best known and well 
understood mechanisms of enzymatic adaption of primary 
metabolism in the response of plants to low O2 stress, and 
is dependent on the presence of classic ANP genes LDH, PDC 
and ADH.  
Alternative carbon flux pathways have also been 
suggested in response to hypoxia stress that lead to the 
accumulation of metabolites such as alanine, γ-amino 
butyric acid (GABA) and succinate (Mustroph et al., 2009). 
However, the role of these pathways in contributing to 
overall changes in metabolism to mitigate the energy 
deficit and adaptive physiology of anaerobic tissues is 
still not clear.  
1.4. Sensing and signaling during flooding stress 
The response of plants to flooding stress requires a 
reliable oxygen sensing mechanism and an associated network 
of downstream effectors that lead to a coordinated response 
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that is tightly regulated in a spatio-temporal manner. 
While specific oxygen sensing modules have been 
characterized in model animal and microbe species (Bailey-
Serres and Chang, 2005), the molecular signaling network 
that mediates responses to O2 deprivation in plants and the 
upstream hypoxia sensing-signaling modules and downstream 
mediators are only beginning to be identified (Licausi and 
Perata, 2009b; Kosmacz and Weits, 2014).  
Perception of low oxygen conditions in plants is 
mediated by: a. Oxygen-dependent proteolysis of a master 
regulator of the low O2 response – direct sensing (Gibbs et 
al., 2011; Licausi et al., 2011a), and b. by additional 
factors (e.g., adenylate charge, pH, Ca2+) that are 
indirectly affected by O2 levels and play roles in fine-
tuning of low O2 sensing (Bailey-Serres and Chang, 2005; 
Licausi and Perata, 2009a; Subbaiah, 2009; Perata et al., 
2011; Gilroy et al., 2014) (See Figure 1.3). It is proposed 
that these sensing modules act in some combination for the 
coordinated response to low O2 stress (Perata et al., 2011) 
(Figure 1.3). 
 





Figure 1.3: Low O2 sensing in plants. Direct sensing 
of O2 involves the interplay of group VII ethylene 
transcription factors (ERFs) via the N-end rule pathway 
(e.g., constitutively expressed RAP2.12 is bound to the 
acyl-CoA-binding protein 1 (ACBP1) at the plasma 
membrane and protected from degradation during normoxia. 
During hypoxia, RAP2.12 is released and relocalizes into 
the nucleus, where it activates the transcription of 
anaerobic response genes like ADH1, PDC1, and SUS1). In 
contrast, indirect sensing occurs as a result of a 
change in the concentration of additional factors such 
as cytosolic Ca2+ levels, adenylate charge (ATP), pH, 
ethylene and ROS/RNS levels. Diversity in the overall 
response is believed to be contributed by some 
combination(s) of all or few of these sensors. Based on 
models from (Bailey-Serres and Chang, 2005; van Dongen 
and Licausi, 2014) 
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I. Direct oxygen-sensing in plants during flooding 
Analysis of direct oxygen-sensing mechanisms in 
response to anaerobic stress have revealed the importance 
of the group VII ethylene response factors (ERFs) in 
several plant species (Hinz et al., 2010; Licausi et al., 
2010; Gibbs et al., 2011; Licausi et al., 2011a; Xu et al., 
2014). These response factors are a group of transcription 
factors that are highly elevated at both the transcript and 
protein level in response to hypoxia stress and are 
required for the expression of anaerobic response genes 
(Hinz et al., 2010; Licausi et al., 2010). The unique 
feature of proteins belonging to this group is the highly 
conserved N-terminal MCGGAI(I/L) motif, that regulates 
their stability via the N-end rule pathway in an oxygen-
dependent manner(Gibbs et al., 2011; Licausi et al., 
2011a). During normoxic conditions or during re-oxygenation 
after anaerobic stress, group VII ERFs (e.g., Hypoxia 
Response Element-HRE 1 & 2, Related to AP2 2- RAP2.2 & 
2.12) are degraded via the N-end rule pathway involving the 
combined action of aminopeptidases, transferases and the 
26S proteasome degradation machinery. However, under 
limiting conditions of oxygen, the oxygen-dependent branch 
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of the N-end rule pathway is inhibited resulting in 
elevated ERFs, which induce the hypoxia response in plants 
by the transcription of core ANP genes (Bailey-Serres et 
al., 2012a).   
II. Indirect sensors of low O2 stress in plants 
Adenylate charge and pH 
Reduced O2 concentrations pose a major threat to 
respiratory the energy production pathways. Under anoxia 
conditions, cytosolic [ATP] levels drop to ≤20% of the 
total adenylate pool within seconds to minutes (Felle, 
1981)) due to the loss of the final electron acceptor in 
respiratory oxidative phosphorylation (Gupta et al., 2009; 
Zabalza et al., 2009). To overcome or by-pass this shortage 
of energy during anoxia, the overall cellular metabolism is 
restructured to support ATP production via the glycolytic 
pathway, which provides just 6 % of the ATP generated by 
mitochondria-based aerobic respiration. As described above, 
this is achieved by elevation of glycolytic enzyme levels 
and the metabolism of fermentation pathways to provide a 
continuous supply of oxidative power, NAD+ from 
fermentation. 
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The result of this overall change is a shift in the 
carbohydrate metabolism from aerobic to 
anaerobic/fermentation in order to maintain life-supporting 
energy supply via elevated glycolytic flux (Tadege et al., 
1999).  
One of the consequences of this metabolic switch is 
the lowering of cytosolic pH due to the accumulation of 
fermentation by-products such as lactic acid (Davies et 
al., 1974; Roberts et al., 1984b), as well as from the 
activity of the H+-ATPase pump (Felle, 1991, 2005). 
Cytosolic pH declines and ultimately reaches a new stable 
state (required for anaerobic activity of metabolic 
enzymes) and can be maintained until the cell sustains its 
transmembrane gradient and capacity to generate ATPs 
(Mancuso and Shabala, 2010). However, prolonged exposure to 
anoxia will eventually compromise the cellular capacity to 
regulated and maintain its energy status and pH, eventually 
leading to further drop in cellular pH followed by cell 
death from severe acidosis (Felle, 2005; Mancuso and 
Shabala, 2010).  
With respect to anaerobic signaling, there are a 
number of interesting questions that remain regarding how 
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these metabolic and pH changes signal the anaerobic 
response. Does the decrease in pH[Cyt] act as an “error 
signal” leading to downstream changes necessary for the 
adaptation/tolerance response to anaerobic stress (Felle, 
2005; Mancuso and Shabala, 2010)? If so, it remains 
undefined how low pH is perceived and transduced into cell 
responses. What are the modulators that aid in the 
restoration of normoxic pH during recovery from anaerobic 
stress and would a plant with an improved pH regulation 
mechanism be more tolerant of hypoxia/anoxia stress? 
Reactive oxygen (ROS) and nitrogen species (RNS) 
 Reactive oxygen species (ROS) (Mori and Schroeder, 
2004; Bailey-Serres and Chang, 2005; Miller et al., 2008; 
Van Breusegem et al., 2008), and more recently reactive 
nitrogen species (RNS) (Qiao and Fan, 2008), have been 
identified as ubiquitous stress markers and signaling 
molecules in plants. Evidence also supports that the 
formation of these molecules in response to oxygen 
deprivation stress, and the ROS/RNS participate in 
resulting restructuring of metabolic pathways and gene 
expression and morphological adaptations. These 
observations have been supported by several 
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transcriptional, translational and metabolic profile 
investigations performed under variable conditions of 
hypoxia/anoxia (Yan et al., 1996; Biemelt et al., 1998; 
Blokhina et al., 1999; Biemelt et al., 2000; Blokhina et 
al., 2000; Klok et al., 2002; Blokhina et al., 2003; Fukao 
and Bailey-Serres, 2004; Branco-Price et al., 2005; Loreti 
et al., 2005; Blokhina and Fagerstedt, 2006; van Dongen et 
al., 2009; Licausi et al., 2011b). Under oxygen deprivation 
stress, the formation of these molecules (O2-°, H2O2, NO, 
OH˚) is triggered from a variety of sources such as 
oxidative metabolism, the action of Rho G protein regulated 
flavin oxidases, plasma membrane localized reparatory burst 
oxidase homologs(Rboh), xanthine oxidoreductase (Torres et 
al., 1998; Godber et al., 2000; Harrison, 2002; Blokhina et 
al., 2003), and mostly from the redox imbalance created in 
the mitochondria due to the lack of O2 as the terminal 
electron acceptor (Chang et al., 2012). In addition, many 
anoxia-induced enzyme gene products have also been shown to 
contribute to the production of reactive oxygen species 
under oxygen deprivation stress (Pucciariello et al., 
2012).  
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 ROS/RNS are predicted to exercise feedback regulation 
of the cellular respiration rate, ATP levels and the TCA 
cycle (Blokhina et al., 2014). They are also known to 
directly oxidize biological molecules (lipids and proteins) 
(Scandalios et al., 1997) causing programmed cell death 
during the prolonged episodes of hypoxia/anoxia (Mancuso 
and Shabala, 2010). These ROS molecules also function as 
signaling molecules and in several cases rely on 
coordinated changes in intracellular pH and Ca2+ that lead 
to waterlogging adaptations (e.g., the formation of 
aerenchyma (Mühlenbock et al., 2007). Furthermore, recent 
reports on re-oxygenation/re-aeration after a phase of low-
oxygen stress exposure adds another layer of complexity as 
this occurrence also involves the formation of ROS and 
elevation of the antioxidative defense enzymes like 
superoxide dismutase (SOD) (Bailey-Serres and Voesenek, 
2008; Blokhina and Fagerstedt, 2010; Tamang et al., 2014). 
The complexity of ROS-RNS chemistry and signaling under low 
oxygen stress and during recovery points towards the same 
theme of a coordinated network that orchestrates the 
survival response of plants under waterlogging and oxygen 
deprivation.  
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Plant hormone – Ethylene 
Ethylene is the plant hormone that has received the 
most attention for its involvement in responses to flooding 
stress (Suge, 1985; Bleecker et al., 1986; Kende et al., 
1998; Mergemann and Sauter, 2000; Peng et al., 2001; 
Voesenek et al., 2003; Fukao et al., 2006; Sasidharan and 
Voesenek, 2015).  The importance of this ethylene in 
flooding responses is attributed to two properties of this 
small gas molecule. First, ethylene has a poor diffusion 
coefficient in water leading to its accumulation in 
waterlogged or submerged tissues, similar to the trapping 
phenomenon observed for O2 and CO2 (Voesenek and Sasidharan, 
2013). Second, there is de novo ethylene biosynthesis 
induced in these tissues by the elevation of both the 
expression and activity of the ethylene biosynthetic enzyme 
involved in production of 1-aminocycleoporpane-1-carboxylic 
acid (ACC) (Suge, 1985; Bleecker et al., 1986; Kende et 
al., 1998; Mergemann and Sauter, 2000; Jackson, 2002; 
Voesenek et al., 2003). This leads to a rapid buildup of 
ethylene during flooding episodes, where it serves as a 
that regulates many anatomical and genetic adaptive traits 
under hypoxia/anoxia stress conditions in several plant 
species (e.g., Rice, Lotus, Poplar, Potamogeton and Rumex) 
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(Bailey-Serres and Voesenek, 2010; Sasidharan and Voesenek, 
2015).  
Several essential signaling components (heterotrimeric 
G proteins, protein phosphorylation and Ca2+) have been 
identified as the parallel/downstream mediators of the 
ethylene-signaling module (Drew et al., 2000). Additional 
related studies (Steffens et al., 2011a; Sasidharan and 
Voesenek, 2015) also point to the involvement of ROS as an 
important component of the ethylene regulatory pathway. 
This once again suggests a coordinated network of indirect 
signaling components to anaerobiosis.   
Calcium in hypoxia/anoxia stress 
Changes in cytosolic calcium have been reported in 
response to a myriad of developmental, hormonal, and 
environmental cues in plant cells (Reddy, 2001; White and 
Broadley, 2003; Hepler, 2005; Lecourieux et al., 2006; 
Steinhorst and Kudla, 2013; Choi et al., 2014). Cytosolic 
Ca2+ concentrations in a resting plant cell under normal 
growth conditions is maintained between 10-200nM by the 
coordinated action of both plasma membrane and organelle-
localized (endoplasmic reticulum, mitochondria, nucleus and 
vacuole) pumps and transporters (Reddy, 2001; Rudd and 
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Franklin-Tong, 2001; Yu et al., 2014). A number of 
environmental cues trigger elevation in cytosolic calcium 
levels from the apoplast and the intracellular stores by 
the opening of calcium selective channels (Yu et al., 
2014), which result in a transient increase of cytosolic 
Ca2+ concentrations to µM levels (Lecourieux et al., 2006; 
Choi et al., 2014). This calcium signal is decoded by the 
activation/modulation of calcium binding sensor proteins 
(e.g., calmodulins and calmodulin-like proteins in 
Arabidopsis) that bind and regulate specific binding 
targets (Zhu et al., 2015).  
Initial evidence for a role of calcium in hypoxia 
responses came from work with maize seedlings (Subbaiah et 
al., 1994a; Subbaiah et al., 1994b), by utilizing ruthenium 
red (RR). RR is a pharmacological agent that inhibits the 
organellar Ca2+ flux by acting on several Ca2+ targets e.g., 
Ca2+/H+-antiporter)(Subbaiah et al., 1994a; Subbaiah et al., 
1994b; Subbaiah et al., 1998). Pretreatment of maize plants 
with RR, followed by exposure to anoxia, inhibited the 
increase in Alcohol dehydrogenase 1 (ADH1) and Sucrose 
synthase 1 (SuS1) transcripts (ANPs involved in metabolic 
adjustments during low oxygen stress response) (Subbaiah et 
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al., 1994b; Subbaiah, 2009). Further, this treatment with 
RR impaired post-stress survival of the seedlings after 
recovery from anoxia stress (Subbaiah et al., 1994a; 
Subbaiah et al., 1994b; Subbaiah, 2009). Similar work in 
rice and Arabidopsis seedlings with ruthenium red supported 
the observation that ADH1 expression is under the control 
of cytosolic Ca2+ (Sedbrook et al., 1996; Dolferus et al., 
1997; Chung and Ferl, 1999; Tsuji et al., 2000). Moreover, 
disruption of the cytosolic Ca2+ by RR treatment causes more 
severe effects of hypoxia on root and leaf growth during 
the post-hypoxia survival period (Sedbrook et al., 1996). 
Taken together, these studies strongly support the fact 
that calcium is a critical signaling component of the 
hypoxia/anoxia stress responses. While Ca2+ signaling is a 
core component of the plant response towards low O2 stress, 
the identity of molecular targets Ca2+ signals and the 
mechanism of these calcium-mediated responses remain 
undefined (Figure 1.4).  
1.5. Goals of the research 
Flooding stress leads to a crisis in energy metabolism 
and the accumulation of toxic metabolites due to reduced 
oxygen availably associated with this condition. To respond  
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Figure 1.4: Schematics of sensing and signaling events 
during responses towards anaerobic stress in 
Arabidopsis. Low O2 signal triggers an increase in the 
levels of reactive oxygen species (ROS), Ca2+ and ethylene by 
inducing disturbances in the normal metabolic upkeep. 
Contributors of the increase in ROS appear to be 
mitochondria and the ROP-GTP binding proteins. Rise in 
ethylene levels is the manifestation of lower diffusion rate 
of ethylene in water and also an increase in ethylene 
biosynthesis. An increase in cytosolic Ca2+ is contributed by 
several different pathways – a. ROS activation of 
mitochondrial Ca2+ channels; b. Ca2+-dependent NADPH-oxidase 
activation of plasma membrane localized Ca2+ channels; c. 
other intracellular stores such as ER and vacuole.  
Variations in the levels of these sensing modules is 
transmitted to various signal transducers (like hypoxia 
responsive transcription factors (HUPs), calmodulin and/or 
calmodulin-like proteins - CaM/CMLs), which then pass on the 
signal to nucleus or other cytosolic components for 
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and adapt to this situation, higher plants employ an 
integrated genetic program that leads to the induction of 
anaerobic polypeptide genes that encode metabolic and 
signaling proteins involved in altering metabolic flow and 
other adaptive responses. In the present work, the 
modelplant system Arabidopsis has primarily been used to 
investigate the mechanisms through which a calcium sensor 
protein, CML38, mediates adaptive responses towards hypoxia 
stress. In addition, since CML38 was identified as a 
homolog of the N.tabacum "regulator of gene silencing" 
calmodulin-like (rgsCaM) protein (Endres et al., 2010), 
originally identified as a target of viral suppression of 
post-transcriptional RNA silencing (Anandalakshmi et al., 
2000), the suppressor of gene silencing function of CML38 
has also been investigated using biochemical and cell 
biological approaches. 
 




MATERIALS AND METHODS 
 
2.1. Plant materials and general growth conditions   
Arabidopsis thaliana ecotype Columbia 0 seeds (wild 
type, Wt) were used in this study, and all mutant and 
transgenic lines were derived from this ecotype.  Prior to 
germination, seeds were surface sterilized with 50% (v/v) 
ethanol for 1 minute, followed by treatment with 50% (v/v) 
bleach (4.1% final concentration of sodium hypochlorite) 
and 0.1% (v/v) Tween 20 for 15 minutes.  The seeds were 
rinsed five times with sterile deionized water and were 
planted on 1X strength Murashige and Skoog (MS) agar medium 
with 90 mM sucrose, pH 5.7  (Sigma-Aldrich-M9275).  The 
seeds were stratified at 4°C for 2 days, and were then 
transferred to a 22°C growth chamber and were grown under 
long day (LD) conditions (16L/8D). 
Twelve-day-old seedlings were transplanted to Pro-Mix 
soil (Premier Horticulture Inc., Dorval, Quebec), and were 
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grown at 22°C LD conditions.  Arabidopsis plants for seed 
harvest were grown in a growth chamber under LD conditions 
until they set seeds, and were allowed to completely dry in 
the growth chamber without watering for an additional week.  
Seeds were harvested from dried siliques by using a 200 
mesh stainless steel screen.     
For hydroponic growth, seedlings were grown vertically 
on 1X MS agar plates for 10 days, and were then transferred 
to a hydroponic growth system (Gibeaut et al., 1997). 
Plants were grown hydroponically under LD conditions. A 
simplified representation of the hydroponics growth 
apparatus is shown in Figure 2.1.  The hydroponics growth 
media (Tocquin et al., 2003) described in Appendix 2 was 
aerated with an air pump (Top Fin Air Pump AIR 8000) with a 
measured dissolved O2 concentration of 17-18%, and was 
changed every 5 days. 
2.2 Stress experimental conditions   
Hypoxia stress was administered by various protocols 
depending on the experimental goals. For convenience, these 
protocols are summarized in Table 2.1 and described in the 
following text. Protocol 1 (Table 2.1) was used for 12-day-
old Arabidopsis seedlings grown vertically on MS agar  
 




Figure 2.1: Hydroponic growth set up for 
Arabidopsis. (1) 7-day old Arabidopsis seedlings grown 
on 1X MS media for wild type or selected on media 
containing 30 µg/ml BASTA for CML38-YFP recombineering 
lines were transferred on (2) plastic trays with rock 
wool. Trays were then shifted to a final hydroponics set 
up. (3) A small section of the interior of the 
hydroponics box is shown to reveal the growth of roots.   
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Table 2.1: Hypoxia treatment protocols 
# Age 
Growth 








Complete submergence of 
seedlings in water under dark 
conditions. Water was purged 
with a continuous supply of 
nitrogen gas with a dissolved 
oxygen content of ≤2% based 
on an oxygen electrode (YSI 
model 55). 

























Seedlings placed in an 
anaerobic jar (BD Cat.# 
260626; BD Diagnostic 
Systems, NJ, USA) and were 
subjected to anaerobic 
conditions by using a BD BBL 
GasPak 100 Systems with a BBL 
dry anaerobic indicator strip 
(BD Cat.# 271051; BD 
Diagnostic Systems, NJ, USA).  
Based on the indicator strip, 
anaerobic conditions are 
established after 60 minutes 
after gas pack induction. 
Microarray 
 












Seedlings were subjected to 
anaerobic conditions in an 
anaerobic jar (BD Diagnostic 
Systems, NJ, USA) by 
perfusion with 99.99% argon 
gas for 15 hr at room 
temperature in darkness.  The 
dissolved O2 concentration 
(<0.1%) was measured with a 
Traceable™ Portable Dissolved 





5 - - 
Cut leaf section placed on a 
glass slide and covered with 
a coverslip for 30 minutes.  
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medium. Stress was administered by complete submergence of 
seedlings in water under dark conditions. Water was purged 
with a continuous supply of nitrogen gas with a dissolved 
oxygen content of ≤2% based on an oxygen monitor (YSI model 
55).   
For hydroponically grown Arabidopsis plants, hypoxia 
was administered by replacing the air supply with nitrogen 
gas (99.99%). Hypoxic conditions were assessed by using an 
oxygen monitor and, under these condition, the dissolved O2 
content was ≤2% (Table 2.1 Protocol 2).  
For hypoxia treatment in an anaerobic jar (Table 2.1 
Protocol 3), 2-wk old seedlings grown vertically on MS agar 
plates were placed into an anaerobic jar (BD Cat.# 260626; 
BD Diagnostic Systems, NJ, USA) and were subjected to 
anaerobic conditions by using a BD BBL GasPak 100 Systems 
with a BBL dry anaerobic indicator strip (BD Cat.# 271051; 
BD Diagnostic Systems, NJ, USA).  Based on the indicator 
strip, anaerobic conditions are established after 60 
minutes after gas pack induction.  
Assay of survival was performed essentially as 
described previously (Sorenson & Bailey-Serres, 2014).  
Eight-day-old seedlings were grown vertically on 1X MS agar 
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with 3% (w/v) sucrose, and were subjected to anaerobic 
conditions in a vertical anaerobic jar by perfusion with 
99.99% argon gas for 15 hr at room temperature in darkness 
(Table 2.1 Protocol 4).  The dissolved O2 concentration 
(<0.1%) was measured with a Traceable™ Portable Dissolved 
Oxygen Meter Pen (Fisher Scientific).  Negative control 
seedlings were treated identically except that perfusion 
was performed with air.  After treatment, plates were 
returned to standard LD conditions and survival was 
assessed (seedlings with chlorotic shoots were scored as 
dead) after 10 additional days of growth.  
For oxidative stress, Arabidopsis seeds were 
germinated on sterile filter paper and were grown on 1X MS 
agar medium supplemented with 3% sucrose (w/v) under 
standard LD conditions for two weeks.  The filter paper 
with seedlings was transferred onto freshly prepared 1X MS 
agar containing 10 mM H2O2.  Seedling samples were harvested 
at intervals over 24 hr and were immediately frozen in 
liquid nitrogen, and then stored at -80°C until analysis.  
 For microscopic analyses, hypoxia treatment of 
Nicotiana benthamiana leaf sections was performed similarly 
as previously described (Weber et al., 2008; Sorenson and 
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Bailey-Serres, 2014) (Table 2.1 Protocol 5).  Briefly, a 
small section (1 cm x 0.5 cm) of the infiltrated leaf was 
cut and submerged in 200 μl of 30 mM Tris-HCl, pH 7 on a 
glass slide, and was covered with a coverslip, a condition 
that induces stress granule formation due to hypoxic 
conditions (Weber et al., 2008).  For ruthenium red (RR) 
treatment of hypoxic leaf sections, 100 μl of 0.1 mM RR 
(Sigma-Aldrich) in 30 mM Tris-HCl, pH 7 was perfused onto 
leaf sections under the coverslip. 
2.3 Molecular cloning techniques 
I. Protein expression constructs 
  The CML38 ORF was generated by RT-PCR using total RNA 
from two-week-old Arabidopsis roots. RNA was isolated by 
using the Plant RNA Purification Reagent (Invitrogen) and 
cDNA was synthesized using the SuperScript III Reverse 
Transcriptase first-strand synthesis system for reverse 
transcription-PCR (Invitrogen). Full length CML38 was 
amplified using 0.5 μM gene specific CML38 primers 
(AtCML38F & R) using this cDNA (Table 2.2) with Ex-Taq 
polymerase (TaKaRa). PCR reactions were performed with the 
following amplification parameters: 95°C for 10 minutes; 
followed by 30 cycles of 95°C for 30 seconds, 50°C for 30  
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Table 2.2: Sequences of primers used for cloning of CML38 
into protein expression vectors 
Name Sequence a, b Commentsc 
AtCML38_F ATGAAGAATAATACTCAACCTCAA TOPO/TA 
cloning 
AtCML38_R TTAGCGCATCATAAGAGC 





pVUCH1 SalICMl38_R ATCATGTCGACTTAGCGCATCATAAGAGC 





pET28a BaMHISynCML38_R ATAGGATCCTTAACGCATCATCAGCG 







   
 
aAll primer sequences are shown in the 5’ to 3’ direction.   
bBold letters represent the respective restriction sites, underlined 
bases show start and stop codons  
cThe purpose of the primers used is noted 
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seconds, 72°C for 1 minutes; and a final elongation cycle 
of 72°C for 10 minutes. The PCR product was separated on a 
1 % [w/v] agarose gel in TAE buffer, and was gel purified 
using the Qiaquick gel extraction kit (Qiagen). The 
purified PCR product was cloned into the pCR2.1-TOPO 
(Invitrogen) vector and was transformed into E. coli DH5α 
by using the heat shock method (Sambrook et al., 2001).  
The sequence of the CML38 gene was verified by automated 
DNA sequence analysis using an Applied Biosystems 373 DNA 
sequencer and the Prism dye terminator reaction, conducted 
at the Molecular Biology Resource Facility at The 
University of Tennessee, Knoxville. 
For the preparation of a protein expression construct, 
the CML38 ORF in pCR2.1-TOPO was amplified using CML38 
specific primers containing flanking EcoRI and SalI 
restriction sites (Table 2.2). The PCR  product was 
purified as described above, digested with EcoRI and SalI 
restriction enzymes, and was sub-cloned into an EcoRI and 
SalI digested pVUCH1 expression vector (Roberts et al., 
1985) (Figure 2.2).  
To express and purify CML38 from E. coli with higher 
yields, a synthetic CML38 (SynCML38) gene with E. coli  
 




Figure 2.2: Vector map of the pVUCH-CML38 expression 
construct.  
Shown is a map of the pVUCH-CML38 vector for expression 
in E. coli with CML38 (534bp) under the control of a 
hybrid tac promoter. Positions of the restriction sites 







pBR322 origin EcoRI 
SalI 
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codon optimization was obtained.  The optimized sequence 
(Figure 2.3) was designed using the codon optimization tool 
OPTIMIZER (Puigbò et al., 2007) and the synthetic gene 
strands were synthesized by IDT DNA Technologies and was 
provided in the pIDT-SMART vector. The coding region of the 
SynCML38 gene was amplified from pIDT-SMART using 
NcoICML38_F and BamHISynCML38_R primers (Table 2.2) and the 
digested product was cloned into pET28a (Novagen) with an 
N-terminal 6x histidine tag fusion under the control of a 
lacI-repressible IPTG inducible T7 promoter (Figure 2.4). 
Additionally, SynCML38 was cloned into pColdIII (Takara) 
following amplification of SynCML38 using NdeISynCML38_F 
and BaMHISynCML38_R (Table 2.2). This vector incorporates 
an N-terminal 6x histidine tag and subsequent Factor Xa 
protease cleavage site, with expression under the control 
of a lacI-repressible cold shock promoter (cspA) (Figure 
2.5).  
II. Cloning of CML38 promoter for GUS fusion and CML38 ORF 
for sub-cellular localization  
For the generation of the CML38pro::GUS reporter 
construct, a fragment corresponding to 1570 bp of DNA 
upstream of the CML38 transcriptional start site was  
 




1   ATGAAAAACA ACACCCAGCC GCAGTCTTCT TTCAAAAAAC TGTGCCGTAA 
51  ACTGTCTCCG AAACGTGAAG ACTCTGCGGG TGAAATCCAG CAGCACAACT 
101 CTTCTAACGG TGAAGACAAA AACCGTGAAC TGGAAGCGGT TTTCTCTTAC 
151 ATGGACGCGA ACCGTGACGG TCGTATCTCT CCGGAAGAAC TGCAGAAATC 
201 TTTCATGACC CTGGGTGAAC AGCTGTCTGA CGAAGAAGCG GTTGCGGCGG 
251 TTCGTCTGTC TGACACCGAC GGTGACGGTA TGCTGGACTT CGAAGAGTTT 
301 TCTCAGCTGA TCAAAGTTGA CGACGAAGAA GAAAAAAAAA TGGAACTGAA 
351 AGGTGCGTTC CGTCTGTACA TCGCGGAAGG TGAAGACTGC ATCACCCCGC 
401 GTTCTCTGAA AATGATGCTG AAAAAACTGG GTGAATCTCG TACCACCGAC 
451 GACTGCCGTG TTATGATCTC TGCGTTCGAC CTGAACGCGG ACGGTGTTCT 
501 GTCTTTCGAC GAGTTTGCGC TGATGATGCG TTAA                _  
 
Figure 2.3: Sequence of Synthetic CML38. 
The sequence of the E. coli codon-optimized SynCML38 is 
provided. Start and stop codons are shown in bold, 
underlined text. 
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Figure 2.4: Vector map of the pET28a-CML38 expression 
construct.   
SynCML38 is shown in pET28a under the control of a lacI-
repressible T7 promoter. SynCML38 is fused to an N-
terminal His tag sequence. The NdeI and BamHI sites used 
in cloning are shown.  The restriction sites used for 
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Figure 2.5: Vector map of the pCold III-CML38 expression 
construct.   
The arrow represents the direction of transcription from the 
start site. Restriction enzyme sites used for cloning CML38 
into the expression vector are shown in red.  
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amplified from Arabidopsis genomic DNA by PCR using gene-
specific primers (PstICML38pro_F and BamHICML38pro_R, Table 
2.3) using the following PCR conditions: 95°C for 10 
minutes; 30 cycles of: 95°C for 30 seconds, 51°C for 45 
seconds, 72°C for 3 minutes; and a final elongation of 72°C 
for 10 minutes. The PCR product was gel purified as 
described above, and was digested with PstI and BamHI. The 
digested product was cloned into the PstI and BamHI sites 
of pCAMBIA1391Z (Hajdukiewicz et al., 1994) upstream of a 
promoter-less GUS reporter gene.  The sequence was verified 
by automated DNA sequence analysis as described above.  A 
schematic of the CML38 promoter::GUS construct is shown in 
Figure 2.6. 
To generate the RBP47-CFP and CML38-YFP reporter 
constructs for expression in N. benthamiana, the ORFs of 
each were PCR-amplified from A. thaliana Col-0 12-day old 
seedling root cDNA by using gene-specific primers that 
incorporate Gateway compatible attB1 and attB2 
recombination sites in a 2-step PCR process based on a 
protocol developed by Invitrogen 
(http://www.embl.de/pepcore/pepcore_services/cloning/clonin 
g_methods/gateway/2step/) to generate PCR products for   
 




Figure 2.6: Vector map of the pAMBIA1391z-CML38pro::GUS 
construct.   
The CML38 promoter was inserted into PstI and BamHI cloning 
sites upstream of a GUS reporter gene. Left and right border 
represent left and right end of the T-DNA fragment; HygR, 
Hygromycin resistance marker; KanR, Kanamycin resistance 
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recombination into Gateway-compatible entry vectors (Life 
Technology, Grand Island, NY). All the PCRs used the 
Phusion DNA polymerase (Life Technology, Grand Island, NY), 
200 µM dNTPs, 0.5 µM of each primer, and 1 unit of Phusion 
polymerase in a 50 µl reaction volume.  For PCR1, primers 
were designed with 18-23 nt of gene-specific bases and 15 
nt of either the attB1 recombination site (forward primers) 
or the attB2 site (reverse primers) (Table 2.3). The 
annealing temperatures for PCR 1 were based on the Tm for 
the gene-specific portion of the primer (Table 2.3, 
underlined sequences), as calculated using the Life 




scientific-web-tools/tm-calculator.html). The lower of the 
two Tm values was used for the annealing temperature in the 
first six cycles of PCR 1. One hundred ng of cDNA from 12-
day-old A. thaliana root tissue was used as template. The 
PCR 1 parameters were: 98°C for 2 minutes, six cycles of 
98°C for 20 seconds, annealing for 30 seconds (see Table 
2.2 for temperatures) and 72°C for 30 seconds per kb, and 
then 23 cycles of 98°C for 20 seconds and 72°C for 30 
 
  48 
 
seconds per kb, with a final elongation of 5 minutes.  PCR 
reactions were analyzed by agarose gel electrophoresis. One 
µl of PCR 1 was used as template in PCR 2, which used 
Universal attB1 and Universal attB2 primers to complete the 
recombination sites (Table 2.3). The PCR2 parameters were: 
98°C for 2 minutes, six cycles of 98°C for 20 seconds, 45°C 
for 30 seconds and 72°C for 30 minutes per kb, and then 23 
cycles of 98°C for 20 minutes and 72°C for 30 minutes per 
kb, with a final elongation of 5 minutes at 72°C.  PCR 2 
products were resolved by agarose gel electrophoresis and 
were gel purified by using a Qiaquick gel extraction kit 
(Qiagen, Valencia, CA) as per manufacturer’s protocol.  PCR 
2 products were recombined into the donor vector pDONR207 
(Life Technologies, Grand Island, NY) by using Gateway BP 
clonase II according to the Life Technologies protocol, and 
then were transformed into Top10 E.coli (Life Technologies, 
Grand Island, NY).  Donor constructs containing the CML38 
and Rbp47 were recombined into the pEarleyGate 101 and 
pEarleyGate 102 destination vectors (Earley et al., 2006), 
which incorporate an inframe carboxyl terminal YFP into the 
coding region of CML38 or a carboxyl terminal CFP tag into 
the coding region of RBP47, respectively (Figure 2.7).  The 
sequences of the constructs were verified by automated DNA  
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Table 2.3: Sequences of primers used for generating CML38 
and RBP47 fusions with YFP and CFP 
Name Sequence a, b Commentsc,d 








   
CML38attB1 AAAAAAGCAGGCTTCATGAAGAATAATACTCAA 44°C 
CML38attB2 NS CAAGAAAGCTGGGTTGCGCATCATAAGAGCAAA 60°C 
RBP47attB1 AAAAAAGCAGGCTTCATGGAGACAACCAACGGC 
64°C 
RBP47attB2 NS CAAGAAAGCTGGGTTGCTAGCATTCTCCCCATG 
61°C 
Universal attB1  GGGGACAAGTTTGTACAAAAAAGCAGGCT 
46°C 
Universal attB2  GGGGACCACTTTGTACAAGAAAGCTGGGT 
49°C 
aAll primer sequences are in the 5’ to 3’ direction.   
bBold letters and corresponding portions of the primer sequences 
represent the respective restriction sites. Start codons are shown in 
italics.  
cPurpose of the primers used  
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Figure 2.7: Vector maps of pEarlyGate 101 and 102 
subcellular localization constructs.   
Three binary vector constructs for subcellular localization are 
shown. CML38 was recombined into pEarleyGate 101 which 
incorporates a C-terminal YFP fusion. Rbp47 and DCP1 were 
recombined into pEarleyGate 102 which incorporates a C-terminal 
CFP fusion. Left and right border represent left and right end 
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sequence analysis as described above. These plasmids were 
transformed into A. tumefaciens GV3101 by electroporation 
as described in section 2.III for transformation of 
Nicotiana benthamiana leaves by infiltration.  
III. Generation of CML38pro::CML38:YFP and 
NIP2;1pro::NIP2;1:YFP Arabidopsis recombineering plants 
Preparation of transgenic Arabidopsis plants 
expressing either the CML38 or NIP2;1 with a C-terminal 
triple YFP fusion under native promoter was performed by 
the recombineering approach (Zhou et al., 2011).  The JAtY 
clone information and primers for CML38 (JAtY53G16) and 
NIP2;1 (JAtY57L18) were obtained from Arabidopsis Tagging 
(http://arabidopsislocalizome.org/). The JAtY68K23 (for 
CML38) and JAtY57L18 (for NIP2;1) were purchased from the 
Genome Analysis Center (Norwich, UK) (Figure 2.8). The 
E.coli recombineering strain SW105 was purchased from 
Frederick National Laboratory for Cancer Research 
(Frederick, MD, USA) and the recombineering cassette with 
3xYpet was generously provided by Dr. Jose Alonso 
(University of North Carolina, Raleigh). The cassette was 
introduced to the 3’ end of CML38 or NIP2;1 by PCR with the 
gene specific Rec_F and Rec_R primers (Table 2.3). The PCR   
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Figure 2.8. Vector map of the pYLTAC7 vector used 
for JAtY clones 
LB and RB, left and right borders, respectively; OD, 
overdrive sequence; Pnos, promoter of the nopaline 
synthase gene; HPT, coding region of the hygromycin 
phosphotransferase gene; nos 3′, polyadenylation signals 
of the nopaline synthase gene; KanR, kanamycin-resistance 
gene (NPT1). BamH I and Hind III are cloning sites for 
genomic DNA insertion. Diagram is from Li., 2014. 
 
  53 
 
cycling conditions used were: 96°C 10 minutes, 96°C 30 
seconds, 64°C 30 seconds (-1°C per cycle for 10 cycles), 
and 72°C 1 minutes. After the first 10 initial cycles of 
touchdown, 20 additional cycles using 54°C annealing were 
used. The transformed SW105 strains were grown on Luria 
Broth (LB) agar plates supplemented with 25 μg/ml kanamycin 
and 50 μg/ml ampicillin, and transformants were confirmed 
by PCR with CML38 or NIP2;1 gene-specific primers (Table 
2.4). The PCR cycling conditions used were: initial 
denaturation at 94°C for 10 minutes, 30 cycles of 94°C for 
30 seconds, 55°C for 30 seconds, and 72°C for 1 minutes, 
followed by a final extension of 72°C for 10 minutes. The 
ampicillin selection marker was removed from the cassette 
by flipase, which was induced with 10% arabinose (Li, 2014) 
(Figure 2.9). Automated DNA sequencing was performed to 
confirm the integrity of 3xYpet construct.  
The 3xYpet tagged JAtY68K23 (CML38) and JAtY57L18 
(NIP2;1) clones were transformed into Agrobacterium Gv3101 
strain by electroporation with the following conditions: 
1800 kV/cm, 600 ohms and 10 μFD. The JAtY-containing 
Agrobacteria were used for plant transformation by the 
floral dip method (Clough and Bent, 1998) as described in  
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Figure 2.9. Methodology for recombineering-aided tagging  
1. Select the gene of interest for YFP tagging – Here, 
Arabidopsis CML38 or NIP2;1 
2. Add gene specific sequence (50nt) to each end of the 
recombination cassette by PCR 
3. PCR product showing the recombination cassette with 
additional sequence denoted by an empty box.  
4. Transform PCR product into recombineering competent cells  
5. Select ampicillin resistant clones (conferred by AmpR), 
which contain the recombineering cassette 
6. Eliminate the selectable marker (AmpR) by Flipase-mediated 
recombination to obtain the final cassette for agrobacteria-
mediated transformation into Arabidopsis. 
Adapted from Li., 2014.  
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section 2.5. Transformed plants were grwon in a controlled 
climate growth chamber at 22 °C under LD conditions to 
harvest seeds. Transformants were selected on MS plates 
supplemented with 25 μg/ml glufosinate ammonium (Basta) and 
300 μg/ml timentin and confirmed by PCR-based genotyping 
with a gene-specific primer and 3xYpet-specific reverse 
primer (Table 2.4). 
2.4. RNA isolation and Q-PCR analysis 
I. Total RNA isolation and first-strand cDNA synthesis 
Total RNA was isolated from tissue samples by using the 
Plant RNA Purification Reagent (Invitrogen, Carlsbad, CA) 
according to the manufacturer’s instructions. Briefly, the 
tissue samples were ground into fine powder in a mortar 
with a pestle cooled with liquid nitrogen.  Total RNA was 
isolated from the resulting tissue powder by incubation in 
500 µL of Plant RNA Purification Reagent at room 
temperature for 10 minutes.  Samples were then centrifuged 
at 10,000 x g at room temperature for 10 minutes to remove 
cell debris.  The supernatant was transferred to a new 
sterile tube containing 300 µL of chloroform and 125 µL of 
nuclease-free 4 M NaCl prepared in 0.1% (v/v) 
diethylpyrocarbonate (DEPC) treated deionized water.  The 
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Table 2.4: Primers for generating CML38 and NIP2;1 
recombineering  lines 





















3xYFP_SEQ F AGCTATGTCTAAGGGTGAAGAACTC 
3xYpet  
3xYFP_SEQ R CACCCTCGCCTTCTCCACTCACAG 
aAll primer sequences are in the 5’ to 3’ direction.   
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resulting mixture was centrifuged at 13,000 x g, 4°C for 10 
minutes.  The aqueous phase was transferred to a new 
sterile tube and the RNA was precipitated by addition of an 
equal volume of 100% isopropanol, and incubation at either 
-20°C for 2 hr or at -80°C for 30 minutes.  The 
precipitated RNA was collected by centrifugation at 13,000 
x g, 4°C for 10 minutes.  The pellet was washed with 70% 
(v/v) ethanol prepared in DEPC-treated water, and was then 
dried in a SpeedVac SVC100 system equipped with a 
refrigerated condensation trap RT100 (Savant Instruments, 
Inc., Farmingdale, NY).  The pellets were resuspended in 
100 µL of DEPC-treated water.  The RNA concentration and 
purity was determined by absorbance at 260 nm and the 
A260/A280 ratio, respectively.  The integrity of the purified 
RNA was assessed by observation of the 18S and 28S 
ribosomal RNA bands after electrophoresis on 1% (w/v) 
agarose gels containing 0.3 ng/mL ethidium bromide and 1X 
Tris-acetate EDTA (TAE) buffer (Sambrook and Russell, 
2001). 
Genomic DNA from the total RNA samples was removed by 
RNase-free DNase I treatment using the TURBO DNA-freeTM kit 
(Cat# 1907; Ambion, Austin, TX) according to the 
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manufacturer’s instructions.  Briefly, 25 µL of total RNA 
was incubated with 2 units of TURBO DNA-freeTM enzyme at 
37°C for 40 minutes.  The reaction was terminated by the 
addition of 5 µL of DNase Inactivation Reagent followed by 
incubation at room temperature for 2 minutes.  The 
concentration, purity and integrity of the total RNA 
samples were assessed by spectrophotometry and agarose gel 
electrophoresis as described above.  
 Total RNA samples (2 µg) were reverse transcribed 
into first-strand cDNA with the SuperScriptTM First-Strand 
Synthesis System for RT-PCR (Invitrogen, Carlsbad) in 40 µL 
of final reaction volumes (50-100 ng of total RNA/µL) 
according to the manufacturer’s instructions.  First-strand 
cDNA was then synthesized by incubation of the reaction at 
25°C for 15 minutes, 42°C for 90 minutes, and 72°C for 15 
minutes.  The residual total RNA in the resulting first-
strand cDNA samples was removed by incubation of the 
reactions with 1 µL of E.coli RNase H at 37°C for 30 
minutes.  The first-strand cDNA samples were then stored at 
-20°C until use.  To monitor the quality of the resulting 
first-strand cDNA samples, the Arabidopsis Actin2 (ACT2) or 
ubiquitin10 (UBQ10) reference gene was amplified by RT-PCR  
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or Q-PCR as described in subsequent sections.   
II. Quantitative Real-Time RT-PCR (Q-PCR) 
-PCR was performed using a Bio-Rad IQ5 real-time PCR 
detection system, and analyses were performed with the Bio-
Rad Optical System software version 1.0 (Bio-Rad 
Laboratories, Inc., Hercules, CA).  cDNA proportional to 10 
ng of the starting total RNA was combined with 500 nM of 
each primer (Table 2.5) and 12.5 µL of the 2XABsolute SYBR 
Green fluorescein dUTP Mix (ABgene USA, Rochester, NY) in a 
final volume of 25 µL.  Q-PCR reactions were performed 
using the following parameters: 5 minutes at 50°C; 10 
minutes at 95°C; 45 cycles of 30 seconds at 95°C, 45 
seconds at 45°C, and 45 seconds at 72°C in a 96-well 
optical PCR plate (ABgene USA, Rochester, NY).  The 
Arabidopsis UBQ10 gene was used as an internal reference 
for standardization as described previously (Czechowski et 
al., 2004; Choi and Roberts, 2007). 
Quantitation of the expression of the gene of interest 
was calculated using the comparative threshold cycle (Ct) 
method as described previously (Pfaffl, 2001; Schmittgen 
and Livak, 2008).  ΔCt was calculated using following  
equation: 
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ΔCt = Ct(target)-Ct(reference)    (Eq. 1) 
where, Ct(target) is Ct value of gene of interest and 
Ct(reference) is the Ct value of UBQ10.   
Relative expression was calculated by using the calculated 
ΔCt values and the following equation: 
Relative expression = 2- ΔCt   (Eq. 2) 
ΔΔCt values were calculated using the following equation:  
ΔΔCt = ΔCt(sample)- ΔCt(calibrator)  (Eq. 3)  
where, ΔCt(sample) represents the expression value of the 
sample, and ΔCt(calibrator) is the expression value of the 
sample to which other samples in the data set are 
normalized.  Each ΔCt(calibrator) and its value for individual 
Q-PCR experiment is indicated in the Figure legends and a 
table for the ΔCt values of each individual Q-PCR result.  
The obtained ΔΔCt values including the calibrator were 
normalized by using the following equation: 
Normalized Expression = 2- ΔΔCt    (Eq. 4) 
Reduction of gene expression was calculated by using the 
Normalized expression values and following equation: 
Reduced Expression = -(1/2- ΔΔCt)  (Eq. 5) 
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For end-point RT-PCR, 50 ng of cDNA was combined with 
500 nM of either CML38 or ACTIN2 (internal reference) gene 
primer sets (Table 2.5) and 12.5 µL of the GoTaq Green 
Master Mix (Promega) in a final volume of 25 µL.  PCR 
reactions were performed using the following parameters: 
95°C for 5 minutes; 30 cycles of 95°C for 30 seconds, 50°C 
for 30 seconds and 72°C for 1 minutes (for CML38) or 2 
minutes (for ACTIN2); and a final elongation at 72°C for 7 
min.  
2.5. Plant transformation and mutant 
characterization 
Agrobacterium tumefaciens strain GV3101 (Koncz and 
Schell, 1986) was transformed with plant expression binary 
vectors by electroporation.  Electrocompetent Agrobacteria 
were generated from a mid-logarithmic phase culture by 
centrifugation at 10,000 g for 5 minutes at 4°C.  The 
pelleted cells were resuspended in ice cold sterile water 
and were washed three times.  The final cell pellet was 
resuspended in sterile 10% (v/v) glycerol. Electrocompetent 
Agrobacteria were placed in a BioRad Gene Pulser cuvette 
with 100 ng of purified plant binary plasmids and were 
electroporated using the following operational settings: 
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Table 2.5: Primers used for end-point RT-PCR and Q-PCR 
Name Sequence a Commentsb 
AtCML38_F GAGTTATGATTAGTGCTTTTGA Coding region 
AtCML38_R ACAACAACAACAACAACAATG 3’UTR 
AtCML39_F GAGTTATGATTAGTGCTTTTGA Coding region 
AtCML39_R ACAACAACAACAACAACAATG 3’UTR 




   
UBQ10_F CACACTCCACTTGGTCTTGCGT Coding region 
UBQ10_R TGGTCTTTCCGGTGAGAGTCTTCA Coding region 
PDC1_F AGTGAACTCAAACCTTC 5’UTR 
PDC2_R TGTTGCGACGGTGCC Coding region 




   
ADH1_F AGCTGCTGTGGCATGGGA Coding region 
ADH1_R 
TCTGCGGTGGAGCAACCT Coding region 
aAll primer sequences are in the 5’ to 3’ direction.   
b5’ untranslated region (5’UTR), 3’ untranslated region (3’UTR) and 
coding region indicate the priming region of each primer indicated. 




  63 
 
250 volts, Resistance 200 Ω and Capacitance 25 μFD.  
Transformants were identified by selection on LB agar 
containing appropriate antibiotics.  
Transgenic Arabidopsis plants were generated by using 
the floral dip method (Clough and Bent, 1998).  Briefly, 
inflorescences of 4-wk old Arabidopsis seedlings were 
submerged into mid-logarithmic cultures (A600 = 0.8) of 
Agrobacterium tumefaciens in 5% (w/v) sucrose and 0.05% 
(v/v) Silwet-L77 (Lehle Seeds, Round Rock, TX) for 1 
minute.  The plants were then returned to a tray and were 
covered with clear plastic to prevent desiccation of 
inflorescences.  The plants were kept overnight in a growth 
chamber set to LD conditions and were then washed 3-5 times 
with distilled water to remove residual sucrose from 
leaves.  The plants were grown and allowed to set seed 
under standard LD conditions.  
For selection of transformants expressing the CML38 
pro::GUS construct, seeds were surface sterilized as 
described above in the “Plant materials and growth 
conditions” section 2.1, and germinated on 1X MS agar 
containing 50 µg/mL hygromycin.  Seedlings showing 
resistance to hygromycin were then transplanted to Pro-Mix 
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soil, and were grown under LD conditions until the plants 
set seed.  F1 generation seeds were harvested from 
individual transformants and were used for histochemical 
analyses as described below.   
The cml38 T-DNA insertion mutant (Salk_066538C) was 
obtained from the Arabidopsis Biological Resource Center 
(ABRC) and was characterized by antibiotic selection 
followed by PCR genotyping.  Selection of cml38 (T2), seeds 
was done by germination and growth on 1/2X MS agar with 50 
μg/m kanamycin.  Selection was repeated over several 
subsequent generations until homozygous plants (100% 
resistance) were obtained.  For PCR genotyping, genomic DNA 
was extracted from 2-wk old cml38 (T4) seedlings using the 
Wizard Genomic DNA purification kit (Promega, Madison, WI), 
and PCR was performed with  gene specific CML38 primers and 
a left border T-DNA primer (Table 2.6) using the following 
conditions: 94°C for 5 minutes; 30 cycles of 94°C for 30 
seconds, 66°C for 30 seconds and 72°C for 90 seconds; with 
a final elongation cycle of 72°C for 7 minutes.  The 
amplified T-DNA/CML38 PCR product was then cloned into the 
pCR2.1-TOPO vector (Invitrogen) and transformed into the 
TOP10 E. coli strain (Invitrogen) to map the exact location  
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of T-DNA insertion by automated sequencing analysis as 
described in section 2.3.    
For complementation, cml38 homozygous plants (T7) were 
transformed with pEARLY 101 harboring CML38-YFP construct 
under the control of the CaMV 35S promoter by the approach 
in section 2.3.  Agrobacterium-mediated transformation by 
the floral dip method was performed as described above, and 
selection was performed on MS agar medium with 30 μg/ml 
glufosinate ammonium.     
PCR genotyping of the T1 lines was performed using 
gene-specific forward and reverse primers, as well as a T-
DNA-specific left boarder primer (refer to Table 2.6). 
Genomic DNA from the T-DNA line was subjected to two PCRs. 
PCR-A used CML38_F and CML38_R primers. A PCR product of 
~534bp indicates a wild type CML38 without a T-DNA insert. 
PCR-B used CML38_F and LBb1, a reverse primer within the 
insert T-DNA region. PCR-B would produce a 50 bp product 
with if the T-DNA insert was present at the reported 
location. PCR reactions were done with 100 ng of genomic 
DNA and 0.5 µM of each primer in a 50 µl reaction volume 
using GoTaq PCR master mix according to the manufacture’s 
protocol (Promega, Madison, WI). Both PCRs used an  
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Table 2.6: Primers used for characterization of T-DNA 
insertion mutants of CML38 










Salk T-DNA left border 
primer  
aAll primer sequences are in the 5’ to 3’ direction.   
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annealing temperature of 48°C and an elongation time of 1 
minute. Seeds from the T2 generation of CML38 
complementation lines were used for all experiments.  
2.6. Histochemical and microscopic techniques  
GUS staining was done on Arabidopsis seedlings as with 
the procedure of Jefferson et al. (1987) with slight 
modifications. Tissues were incubated for 8-16 hrs at 37˚C 
in 0.1 M potassium phosphate pH 7.0, 0.1% (w/v) Triton X-
100, 0.4 mM K3[Fe(CN)6], 0.4 mM K4[Fe(CN)6]) and 0.9 mM 5-
bromo-4-chloro-3-indolyl-β-D-glucuronidase (X-Gluc; Rose 
Scientific, Ltd, Edmonton, Alberta, Canada).  Seedlings 
were cleared with 70% (v/v) ethanol at room temperature and 
were mounted in 50% (w/v) glycerol.  GUS-stained tissues 
were observed and imaged with a dissecting microscope 
equipped with a Canon DS126191 camera.  
Epifluorescence images were captured with an Axiovert 
200M microscope (Zeiss) equipped with filters for YFP 
fluorescence (Chroma, filter set 52017) and a digital 
camera (Hamamatsu Orca-ER) controlled by the Openlab 
software (Improvision).  Confocal imaging of CML38-YFP 
plants was performed with a Hamamatsu camera mounted on an 
Olympus IX83 microscope with a Visitech confocal system. 
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YFP excitation was kept at 514 nm and emission scans were 
taken using a long pass filter (525LP).  Confocal imaging 
and co-localization experiments in N.benthamina leaves were 
performed with a Leica SP2 laser scanning confocal 
microscope using the 488 nm Ar ion laser (for CFP) and 543 
nm HeNe laser (for YFP) in the Advanced Microscopy and 
Imaging Facility at the University of Tennessee, Knoxville.  
The emission filter was set to 470-500nm for CFP and 560-
600nm for YFP. 
For image analyses and statistical evaluation of 
CML38-YFP and Rbp47-CFP images, the ImageJ version 1.41 
software (http:// rsb.info.nih.gov/ij/index.html) was used 
Analysis of number and size of CML38-YFP granules in 8 hr 
hypoxic roots of recombineering seedlings was performed 
with the Cell Counter plugin of ImageJ 
(http://rsbweb.nih.gov/ij/ plugins/cell-counter.html). For 
colocalization analyses, three 0.2 µm slice sections from 
the z-stack of merged Rbp47-CFP and CML38-YFP images were 
adjusted to same background threshold and quantified by  
the Just Another Colocalization Plugin (JACoP) (Bolte and 
Cordelieres, 2006) in ImageJ. Statistical analysis was 
performed using Van Steensel’s method (Van Steensel et al., 
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1996) for cross correlation function and Pearson 
coefficient (PC).  
2.7. Bimolecular fluorescence complementation 
(BiFC) assay 
Constructs containing CML38 or HcPro coding sequences 
as translational fusions with either the N-terminal 154 
residues (YFP-N) or C-terminal 84 residues (YFP-C) of the 
yellow fluorescent protein were prepared in pD35S-YFP-N or 
-C (Li et al., 2009) (a kind gift from Dr. Andreas 
Nebenführ, University of Tennessee, Knoxville). The N-
terminal fusions of CML38 and HcPro (YC-CML38 and YN-HcPro) 
were prepared by cloning ORFs of CML38 and HcPro (a kind 
gift from Dr. Vicki Vance, University of South Carolina) 
into BamHI-NotI digested pD35S-YFP-C and pd35S-YFP-N 
respectively. In all constructs, a linker region of ten-
residues (GGHHHHHHGG) was introduced between the YFP 
fragment and the ORF of interest (Figure 2.10).  The 
primers used to generate the BiFC constructs are listed in 
Table 2.7. For the negative control, HY5 ORF present in 
pD35S-YFP-N or –C vectors (Li et al., 2009) was used in 
combination with CML38 or HcPro constructs. Transient 
expression of fusion protein constructs was done by 
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Table 2.7: Primers for generating BiFC interaction 
constructs 
















aAll primer sequences are in the 5’ to 3’ direction.   
bBold letters and corresponding portions of the primer sequences 
represent the respective restriction sites. Linker regions used in the 
BiFC constructs are shown underlined.   
cPurpose of the primers used  
  
 







Figure 2.10:  Vector maps of BiFC constructs.   
The Open reading frames of CML38 or HcPro were cloned using 
BamHI and NotI restriction sites to produce N-terminal 
translational fusions with either the C-terminal domain of 
YFP to produce YC-CML38, or the N-terminal domain of YFP to 
make YN-HcPro.  All cloned fusions are under the control of 
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tungsten particle bombardment (Walter et al., 2004). 
Transient expression was achieved by bombarding 10 to 
12 day-old Arabidopsis seedlings by using a PDS-1000/He 
system (Bio-Rad).  Thirty mg of M10 (Bio-Rad) tungsten 
particles were suspended in 500 µl of 70% [v/v] ethanol and 
were vortexed for 10 minutes.  The particles were washed 
four times with 4 ml of sterile water before final 
resuspension in 500 µl of 50% [v/v] sterile glycerol.  YFP-
N and YFP-C BiFC constructs (500 ng in a total volume of 5-
10 µl) were mixed with 25 µl of freshly prepared tungsten 
particles along with 25 µl of 2.5 M MgCl2, and 5 µl of 200 
mM spermidine.  The mixture was vortexed for 5 minutes and 
was allowed to settle for 1 min.  The particles were washed 
with 100 µl of 70% [v/v] ethanol, followed by 100% [v/v] 
ethanol and were resuspended in 25 µl of 100% [v/v] 
ethanol.  Eight µl of the resuspended particles were spread 
on the macrocarrier disks (Bio-Rad) and the disks were 
allowed to dry.  Bombardment of 12 day-old Arabidopsis 
seedlings placed on standard MS agar plates was done using 
a Biolistic Particle Delivery System with rupture disks of 
1100-psi capacity (Bio-Rad).  Bombarded seedlings were 
incubated for 24 hr at room temperature in dark prior to 
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microscopic examination of the root tissues with an 
Axiovert 200M microscope (Zeiss) equipped with filters for 
YFP fluorescence (Chroma, filter set 52017). Images were 
captured with a digital camera (Hamamatsu Orca-ER) 
controlled by the Openlab software (Improvision). 
2.8. Immunochemical and mass spectrometry 
techniques  
  For Western blot analysis, plant tissue (1 g) was 
quick-frozen in liquid nitrogen, ground in a mortar with a 
pestle, and proteins were extracted with 250 µl of 2X 
Laemmli SDS sample buffer (Laemmli, 1970).  Proteins were 
separated by SDS-PAGE on 12.5% w/v polyacrylamide gels and 
were electroblotted onto polyvinylidene fluoride (PVDF) 
membranes. Western blot detection of fusion proteins was 
done as described in (Wallace and Roberts, 2005) using 
chemiluminescent detection. A rabbit anti-GFP polyclonal 
antibody (kind gift from Dr. Rose Goodchild, The University 
of Tennessee, Knoxville) was used as the primary antibody.  
Immunoprecipitation of CML38-YFP fusion proteins from plant 
tissue extracts was performed by using a magnetic anti-GFP 
resin (Chromotek). Wild type (control) and CML38-YFP roots 
were dissected from hydroponic plant samples exposed to 
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hypoxic conditions for 4 to 8 hrs (Table 2.1 Protocol 2), 
and were quickly frozen in liquid nitrogen.  Root tissue (1 
g) was ground in a mortar with a pestle, and the tissue 
powder was suspended in 250 μl of resuspension buffer (50 
mM Tris HCl pH 7.5, 150 mM NaCl, 0.1 mM DTT, 0.5% [v/v] 
glycerol, 1 mM CaCl2, a cOmplete Roche EDTA-free protease 
inhibitor tablet [Cat no. 05892791001], 40 µM MG132 [Sigma 
Aldrich-C2211]), and was vortexed for 30 seconds followed 
by centrifugation at 13,000 rpm at 4°C. The supernatant 
fraction was removed and combined with 20 μl of magnetic 
anti-GFP resin (Chromotek) pre-equilibrated in resuspension 
buffer, and the mixture was incubated by mixing at 4°C for 
6 hrs.  The resin was collected and was washed with 5 ml of 
resuspension buffer.  The adsorbed protein was collected by 
addition of 100 μl of elution buffer (6 M guanidine HCl, 5 
mM Tris HCl pH 8.0) followed by incubation in a boiling 
water bath for 5 minutes.  The eluents were stored at -80ºC 
until MS analysis.  
 For MS-MS analysis and peptide fingerprinting, samples 
were incubated at 60ºC for 1 hour in elution buffer 
supplemented with 5 mM DTT (Hervey et al., 2007).  Samples 
were diluted 6-fold with 50 mM Tris HCl, 10 mM CaCl2 pH 7.6, 
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and were digested at 37ºC with trypsin (Trypsin Gold, 
Promega, Catalog #PRV5111) at a final protease:protein 
sample ratio of 1:20 (w/w).  Peptides were collected by 
centrifugation at 15,000 rpm through a 10 kD molecular 
weight cutoff spin filter (Millipore, Billerica, MA), and 
the filtrate was loaded directly onto a split strong cation 
exchange/reversed phase back column (Luna 5 µm SCX 100 Å 
and Kinetex 2.6 µm 100 Å C18 resins, Phenomenex, Torrence, 
CA), and was then desalted prior to injection into the 
analytical column for LC/LC-MS/MS analysis. A six-step 
multidimensional protein identification technology (MudPIT) 
(Washburn et al., 2001) approach was utilized for enhanced 
sensitivity over a 12 hour analytical timeframe. An 
Ultimate U3000 high-performance liquid chromatography 
(HPLC) workstation (Dionex, Sunnyvale, CA) delivered 
increasing pulses (5, 10, 15, 20, 50, and 100%) of 500 mM 
ammonium acetate to liberate fractions of peptides bound to 
the cation exchange resin for reversed phase separation 
prior to entry into an LTQ-Velos mass spectrometer (Thermo 
Scientific, Waltham, MA).  
 For MS data analysis, Raw files were transformed into 
mzXL format using MSConvert (Chambers et al., 2012) and 
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searched by the MyriMatch software (Tabb et al., 2007) 
against a compiled TAIR10 database containing proteins of 
interest along with contaminants including trypsin. The 
results were visualized with IDPicker ver 3.0 software 
(Vanderbilt University Medical Center). To minimize false 
positive identifications, the results were subjected to 
highly stringent filtering criteria - Peptide-Spectrum-
Match filters: Maximum Q-value of 0.01 or 1% false 
discovery rate (FDR), Minimum spectra per peptide - 3, 
Minimum spectra per match - 3, Maximum protein groups - 10; 
Protein levels filters: Minimum distinct peptides -3, 
Minimum additional peptides - 3, Minimum spectra per 
protein - 3.  The results were exported into an excel 
format and accession numbers were used to generate a unique 
protein list using VENNY version 1.0 (Oliveros, 2007).  The 
functional distribution was performed by the (Protein 
ANalysis THrough Evolutionary Relationships) PANTHER 
classification tool (Mi et al., 2013) version 9.0, which 
uses the TAIR10 database (www.pantherdb.org). 
Identification of proteins involved in RNA processing 
and/or RNP composition was performed by searching 
individual accession numbers in the TAIR10 database and 
arranging them according to their biological function.  
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2.9. Expression and purification of recombinant CML38 
 For expression with pVUCH1-CML38, the expression 
construct (section 2.2) was transformed into E.coli UT481 
(Roberts et al., 1985) by the heat shock method (Sambrook 
et al., 2001), and recombinant clones were grown to mid-log 
phase (A600=0.6). The culture was induced with 1 mM 
isopropyl β-D-1-thiogalactopyranoside (IPTG), and cells 
were grown with shaking for 3 hr at 37°C. For VU1 CaM and 
CML38 protein purification, cells were collected by 
centrifuging 1 L cultures at 6,500 rpm in a Sorval GS3 
rotor for 15 minutes at 4°C.  Cells were resuspended in 25 
ml of 50 mM Tris-HCl (pH 7.5), 500 mM NaCl, 2.5 mM CaCl2, 
0.1mM DTT, 1 mM phenylmethylsulfonyl fluoride (PMSF), 1 
µg/ml leupeptin and were lysed in a chilled French press 
pressure cell (SLM-AMINCO Spectronic Instruments). The 
lysate was centrifuged at 100,000 X g for 1hr at 4°C using 
a Beckman Ti60 rotor. The supernatant fraction was applied 
to a Phenyl Sepharose (GE Healthcare Life Sciences) column 
pre-equilibrated in Tris-Ca2+ Buffer (50 mM Tris-HCl, 2.5 mM 
CaCl2, 0.1 mM DTT, pH 7.5). The column (800ul resin) was 
washed with 1 L of Tris-Ca2+ buffer and then with 1 L of 
Tris-Ca2+ containing 0.5 M NaCl.  Proteins were eluted with 
10 mM Tris-HCl pH7.5 and 3 mM EDTA, 0.1mM DTT. Fractions 
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containing protein were pooled and dialyzed against 4 L of 
1 mM ammonium bicarbonate overnight, and then against 
deionized water for 4-5 times (2 hr each) before 
lyophilization and storage at -80°C. 
For expression of recombinant CML38 from pET28a-CML38, 
plasmid constructs were transformed into chemically 
competent E. coli BL21 codon plus (Agilent Technologies) as 
described above.  Transformants were cultured in a 2 L 
baffled flask with shaking at 37°C in 0.5 liter of LB broth 
media containing 50 µg/ml kanamycin until a mid-logarithmic 
cell density (A600=0.5) was obtained. The culture was 
induced with 1 mM IPTG, and cells were grown with shaking 
for an additional 16 hr with shaking at room temperature.  
Cells were collected by centrifugation at 8000 X g for 15 
minutes at 4°C, and were resuspended in 20 ml of lysis 
buffer (30 mM Tris-HCl, pH 7.5, 300 mM NaCl, 0.5M β-ME, 25 
mM imidazole, 10% [v/v] glycerol, 1 mM PMSF, 1 μg/ml 
leupeptin and 0.1% [w/v] triton X-100).  Resuspended cells 
were broken in a French Press Cell as described above, and 
the extract was centrifuged at 150,000 X g for 30 minutes 
at 40C. The supernatant fraction was applied to 1 ml of Ni2+ 
- nitrilotriacetic acid agarose (Ni-NTA, Qiagen) pre 
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equilibrated in 30 mM Tris-HCl, pH 7.5, 300 mM NaCl, 30 mM 
imidazole (Wash Buffer) and washed with at least 0.5 L of 
Wash Buffer. Elution was performed with 30 mM Tris-HCl, pH 
7.5, 300 mM NaCl, 10% [v/v] glycerol, 0.5 M imidazole. 
For expression of recombinant CML38 with pColdIII-
CML38, the expression plasmid was transformed into 
chemically competent E. coli BL21 codon plus (Agilent 
Technologies) as described above and recombinant clones 
were grown to mid-log phase (OD-0.5) in a 2 L baffled flask 
with shaking at 15°C before induction with 0.5 mM IPTG (for 
CML38 protein expression) and 10 nM tetracycline (for 
chaperone expression). The culture was grown for an 
additional 24 hr at 15°C with shaking, and cells were 
collected by centrifugation at 8000 X g for 15 minutes at 
4°C. The cell pellet was resuspended in 20 ml of lysis 
buffer (8 M Urea, 30 mM Tris-HCl, pH 7.5, 300 mM NaCl, 0.5M 
β-ME, 25 mM imidazole, 10% [v/v] glycerol, 1 mM PMSF, 1 
μg/ml leupeptin and 0.1% [w/v] triton X-100). Resuspended 
cells were broken on ice by sonication using a Sonic 
Dismembrator (Artek Systems Corporation). Sonication was 
performed three times for 30 seconds, with a 30 second rest 
period between each pulse. The extract was centrifuged at 
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30,000 X g for 30 minutes at room temperature in a Sorval 
SS34 rotor. The supernatant fraction was applied to 1 ml of 
Ni2+ - nitrilotriacetic acid agarose (Ni-NTA, Qiagen) and 
washed with 1 L of lysis buffer followed by at least 2 L of 
30 mM Tris-HCl, pH 7.5, 300 mM NaCl, 30 mM imidazole, 5% 
[v/v] glycerol and 0.5M β-ME (Wash Buffer). Elution was 
performed with 30 mM Tris-HCl, pH 7.5, 300 mM NaCl, 10% 
[v/v] glycerol and 0.5 M imidazole and the fractions were 
analyzed by SDS-PAGE on a 12.5% polyacrylamide gel. Protein 
fractions were pooled, and Ca2+-dependent phenyl sepharose 
chromatography was done as described above.  
2.10. Calcium binding and enzyme activity assay 
The electrophoretic mobility shift assay was performed 
as described in (Garrigos et al., 1991).  Purified proteins 
(2 µg) were suspended in SDS sample buffer containing 2 mM 
CaCl2 or 2 mM EGTA, were resolved by SDS-PAGE, and were 
visualized by staining with Coomassie Brilliant Blue.   
For terbium binding studies, 30 µM of purified 
recombinant CaM or CML38 were incubated with 120 µM TbCl3 in 
the 10 mM HEPES NaOH pH 7.0 and 100 mM NaCl. The samples 
were excited at 295 nm and the luminescence was measured 
from 480 to 600 nm on a QuantaMaster UV VIS (Photon 
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Technology International) spectrofluorometer at room 
temperature. For quenching of luminescence, 1.6mM EGTA was 
added to the protein-terbium mixture.  
For ANS studies, fluorescence spectroscopy was 
performed on a QUV VIS spectrofluorometer as described 
above. Purified recombinant CaM or CML38 (5 µM) were 
incubated with 6.7 µM 1, 8-Anilino naphthalene sulfonate 
(ANS, Molecular Probes) in the presence of 1.3 mM CaCl2 or 
2.6 mM  EGTA in 10 mM HEPES NaOH pH 7.0 and 100 mM NaCl. 
The samples were excited at 350 nm and the fluorescence 
emission was measured from 450 to 550 nm. 
 NAD kinase extraction and assay was performed with 
slight modification from Roberts et al., (1984). NAD kinase 
was extracted and partially purified from two-week-old 
Arabidopsis seedlings grown in liquid 1X MS media. NAD 
kinase assays were performed with 30 µM VU1 CaM or CML38, 1 
mM CaCl2 or 5 mM EGTA, 10 mM MgCl2, 50 mM KCl, 50 mM Tris 
HCl, pH 8.0 by the method of Roberts et al., 1984. The 
assay was initiated by the addition of NAD kinase, and 
incubation was carried out at 37°C for 30 min. The assay 
was terminated by incubation of the mixture in boiling 
water bath for 5 min, and the NADP produced was measured by 
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the glucose-6-phosphate dehydrogenase coupled assay as 
described previously by Roberts et al., (1984). 
2.11. CML38 and HC-Pro interaction by gel overlay  
For gel overlay analysis, 30 µg of VU1 calmodulin and 
CML38 were biotinylated using EZ link NHS-LC biotin (Pierce 
cat # 20217) by using the manufacturer’s protocol. HC-Pro 
was generated recombinantly as a GST fusion tagged protein. 
A pDEST-HCPro (a kind gift from Dr. Vicki Vance, University 
of South Carolina) expression construct was transformed 
into E. coli BL21* cells. Expression constructs were grown 
with shaking at 37°C to mid log phase (A600 = 0.6), and were 
induced with 1 mM IPTG. The cells were grown for an 
additional 1 hr at 37°C, and then were transferred to room 
temperature for another 8 hr. Cells were collected by 
centrifugation at 6,500 rpm, were resuspended in 30 ml of 
10 mM NaPO4, 150 mM NaCl (PBS) pH 7.4, 1 mM PMSF, 1 µg/ml 
leupeptin, and were lysed in a chilled French press 
pressure cell as described above. The lysate was 
centrifuged at 100,000 X g for 1 hr min at 4 °C in a  
Beckman Ti60 rotor and the supernatant fraction was applied 
to a glutathione sepharose 4B (GE Healthcare) column pre-
equilibrated in 1X PBS. The column (500 µl resin) was 
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washed with 2 L of 1X PBS and elution was performed with 50 
mM TrisHCl pH 8.0, 5% glycerol and 20 mM reduced 
glutathione. Eluent fractions were analyzed by SDS-PAGE and 
fractions containing protein were pooled and concentrated 
using an Amicon Centricon Ultrafilter (M.W. cutoff = 30 
kDa, Millipore) and were stored at -80°C. GST-tagged HC-Pro 
and skeletal muscle Myosin Light Chain Kinase (MLCK) were 
resolved on a 12.5% SDS-PAGE gel and were transferred by 
electroblot to PVDF membranes. Membranes were blocked by 
incubation with 5% (w/v) bovine serum albumin (BSA) in 50 
mM TrisHCl pH7.5, 100 mM NaCl, 0.1 mM β-mercaptoethanol 
overnight at 4°C with shaking. The membranes were then 
incubated with biotinylated proteins (CML38 = 6.8 µg ; CaM 
= 21 µg) in 10 ml of 50 mM Tris HCl pH 7.5, 100 mM NaCl, 
0.1 mM β-mercaptoethanol, 1% (w/v) BSA, in the presence of 
either 5 mM CaCl2 or 5 mM EGTA for 1 hr at 37°C with 
shaking. The membranes were washed three times, 5 minutes 
each, with 50 mM Tris HCl pH 7.5, 100 mM NaCl, 0.1 mM β-
mercaptoethanol, 0.1% (v/v) Tween-20, 1% (w/v) BSA, and in 
the presence of either 5 mM CaCl2 or 5 mM EGTA. Membranes 
were then incubated with a 1:2000 dilution of  horse radish 
peroxidase coupled -Streptavidin (Vector labs) in 10 ml of 
50 mM Tris HCl pH 7.5, 100 mM NaCl, 0.1 mM β-
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mercaptoethanol, 1% (w/v) BSA, in the presence of either 5 
mM CaCl2 or 5 mM EGTA) for 1hr at 37°C with shaking. All the 
membranes were washed again three times as described above. 
Chemiluminescent detection was done by incubating the 
membrane for 30 seconds with 10 ml of 1.25 mM luminol, 0.2 
mM p-coumaric acid, 0.009% (v/v) hydrogen peroxide and 0.1 
M Tris HCl pH 8.0, followed by autoradiography using an X-
ray film (Phenix Research Products). 
2.12. Computational methods 
Protein sequences for CaMs 1-7 and CMLs 1-50 were 
downloaded from TAIR (www.arabidopsis.org) using the 
accession numbers reported in (McCormack and Braam, 2003). 
The sequence for NtRgsCaM comes from GI: 12963415, 
(Anandalakshmi et al., 2000). Multiple sequence alignments 
and tree construction were performed using MEGA 6.06 
(Tamura et al., 2013). The full-length sequences for the 58 
proteins were aligned using MUSCLE (Edgar, 2004) with 
iterations until convergence. A Maximum Likelihood tree was 
constructed using the Jones-Taylor-Thornton model with 200 
bootstrap replications. The figure of the tree was prepared 
using FigTree v1.4.2 (http://tree.bio.ed.ac.uk/software/ 
figtree/).   Amino acids preceding the start site of CaM7 
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(used as a representative canonical calmodulin) in multiple 
sequence alignments were identified as N-terminal 
extensions, and EF hands were identified based on consensus 
sequences (Gifford et al., 2007).  
Homology modeling of the calcium sensor region of 
CML38 was done by using MOE version 2008.10 (Molecular 
Operating Environment, Montreal, QC) as previously 
described (Li et al., 2011) with the calcium-calmodulin 
structure (pdb id: 1EXR) (Wilson and Brunger, 2000) used as 
a structural template.  An ensemble of 10 possible 
structures was generated by applying MMFF94x force field 
and these models were subsequently ranked using MOE’s 
packing algorithm. Of the 10 possible models, the CML38 
structure with the lowest RMSD value (0.71Å) compared to 
the carbon backbone of the calmodulin structural template 
was selected for evaluation. 
 








3.1. Identification of Arabidopsis CML38 as an 
anaerobic response gene 
I. Microarray analysis 
Responses of Arabidopsis to low O2 stress are 
orchestrated by coordinated changes in gene expression of 
“core” hypoxia-induced genes (Liu et al., 2005a; Loreti et 
al., 2005; Branco-Price et al., 2008; Mustroph et al., 
2009; Lee et al., 2011; Chang et al., 2012). For example 
microarray experiments performed with the roots of 12-day 
old Arabidopsis seedlings subjected to hypoxia challenge 
(Choi, 2009) showed the presence of classical ANPs such as 
ADH, PDC and NIP2;1, as well as a number of potential 
metabolic and regulatory targets (Table 3.1). Among these 
core hypoxia response transcripts  is a gene encoding a 
member of the Ca2+ binding EF hand family called calmodulin-
like protein 38 (CML38). CML38 transcripts show >600 fold 
up-regulation in response to hypoxia challenge (Table 3.1).  
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Table 3.1: Transcripts showing ≥100-fold upregulation in 





AT1G43800 1264.20 Acyl-(acyl-carrier-protein) desaturase 
AT4G10270 898.78 
Wound-responsive family protein, 
similar to AT4G10265.1 
AT2G34390 723.87 
NOD26-LIKE INTRINSIC PROTEIN 2;1 
(NIP2.1) 
AT4G33560 701.03 
Similar to wound-responsive protein-
related AT2G14070.1 
AT1G76650 658.73 
Calcium-binding EF hand family protein 
(CML38) 
AT3G10040 573.48 
Transcription factor, similar to 
AT1G21200.1 
AT3G29970 553.68 
Germination protein-related, similar to 
AT3G48140.1 
AT2G47520 344.14 
AP2 domain-containing transcription 
factor 
AT4G33070 326.81 Pyruvate decarboxylase, similar to PDC3 
AT3G46230 233.30 
ATHSP17.4 (Arabidopsis thaliana heat 
shock protein 17.4) 
AT3G23150 230.80 
ETR2, receptor Involved in ethylene 
perception 
AT5G12030 153.36 
Arabidopsis thaliana heat shock protein 
17.6A (AtHSP17.6A) 
AT1G59860 144.87 
17.6 kDa class I heat shock protein 
(HSP17.6A-CI) 
AT4G01250 144.40 
WRKY22 (WRKY DNA-binding protein 22) 
transcription factor 
AT1G77120 141.75 ADH1 (ALCOHOL DEHYDROGENASE 1) 
   
 
a. The Arabidopsis gene identification numbers based on the TAIR9 
database are shown. 
b. The fold-change based on comparison to a normoxic control as 
described in Materials and Methods. 
c. The description of gene function based on annotation using the 
Partek Genomics Suite 6.4 software (Partek Inc. Missouri, USA).  
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II. Phylogeny of CML38 - a member of the Arabidopsis 
calmodulin-like protein (CML) family 
The completion of the Arabidopsis genome has suggested 
that the Ca2+ signal transduction is highly complex, since 
many Ca2+ sensor proteins have evolved during plant 
evolution (McCormack and Braam, 2003; McCormack et al., 
2005; Bender and Snedden, 2013). For example, it is 
estimated that there are approximately 250 genes that 
encode putative EF-hand encoding Ca2+- sensor proteins in 
Arabidopsis. The genes encoding EF-hand proteins have been 
grouped into 6 classes (Day et al., 2002). Group IV and 
Group V members have been classified as calmodulin (CaM) 
and CaM-like (CML) genes respectively (McCormack and Braam, 
2003; McCormack et al., 2005).  The 50 CML genes can be 
further divided into nine phyletic groups. CML38 belongs to 
clade 6 of the Arabidopsis CMLs (McCormack and Braam, 
2003), which comprises a small subfamily of genes with 
structural and sequence homology to the “regulator of gene 
silencing” rgsCaM protein from tobacco (Anandalakshmi et 
al., 2000) (Figure 3.1). In order to investigate the 
hypoxia induced CML38 transcript abundance among all the 7 
CaMs and 50 CMLs, a heat map was constructed from the  
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Figure 3.1: Phylogenetic tree of calmodulin and calmodulin-
like proteins. A phylogenetic tree for the seven Arabidopsis 
CaMs, 50 Arabidopsis CMLs and rgsCaM from N. tabacum was generated 
by using a Maximum Likelihood algorithm as described in the 
Materials and Methods. Arabidopsis CMLs clustering with rgsCaM are 
highlighted in blue and are referred to as “regulator of gene 
silencing calmodulin-like proteins” (RgsCMLs). The scale bar 
indicates the branch length corresponding to 0.3% amino acid 
sequence divergence. 
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microarray data using the Partek Genomics Suite 6.4 
software (Partek Inc., Missouri, USA). Comparision of the 
expression profiles of the 50 CMLs and 7 CaM genes between 
hypoxia-stress and normoxic Arabidopsis roots show that 
CML38 is uniquely and acutely up-regulated in response to 
hypoxia stress (Figure 3.2).  
III. Promoter and Q-PCR expression analysis of CML38 during 
hypoxia 
One possible issue with the microarray findings is the 
potential complication of the microarray signal due to the 
high level of sequence similarity between CML38 (At1G76650) 
and a tandem gene encoding CML39 (At1G76640) (Figure 3.3). 
To determine which of the two genes respond to low O2 
stress, potential promoter sequences (1175bp) upstream of 
the transcription start site were analyzed for the presence 
of Anaerobic Response Elements (AREs). Seven putative AREs 
were identified in the upstream region of CML38 (Figure 
3.4). These AREs are characteristic of regions responsible 
for the anaerobic induction of core hypoxia response genes 
such as Alcohol dehydrogenase (ADH) (Liu et al., 2005a; 
Mohanty et al., 2005). In contrast, analysis of an 
analogous upstream region of CML39 showed the absence of  
 



























Figure 3.2: Comparison of hypoxic and normoxic CaM and CML 
transcripts. (A) Shown is a heat map showing gene expression of 
Arabidopsis CaMs and CMLs at 0hr and 4hr hypoxia. All values are 
in log 2 scale and green to red color represents an increase in 
expression in response to hypoxia. Red arrow points to the CML38 
transcript profile. (B) Histogram of CMLs with 2-fold or 
greater changes in expression. Bar graph of CMLs showing >2 
fold change in expression (P< 0.05) in response to hypoxia 
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Figure 3.3: Nucleotide alignment of CML38 and CML39 codon 
regions. The open reading frames for both CML38 and CML39 were 
downloaded in FASTA format from The Arabidopsis Information 
Resource (TAIR) and aligned by the BioEdit software version 
5.0.6 (www.mbio.ncsu.edu/BioEdit/BioEdit.html) using the 
ClustalW alignment algorithm. Nucleotides are colored according 
to the following scheme: Green - Adenine (A); Black - Guanosine 
(G); Red – Thiamine (T); Blue - Cytosine (C). Unshaded areas 
represent no shared similarity in nucleotide sequence.    
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Figure 3.4: CML38 promoter analysis for AREs. 1175bp upstream 
of the CML38 transcription start site was downloaded in the FASTA  
format from Phytozome 10.2 and was searched for the presence of 
anaerobic response elements (AREs) using the signal scan search 
of the plant cis-acting regulatory DNA elements (PLACE) database 
(Prestridge, 1991; Higo et al., 1999) and CARE search of the 
plant cis-acting regulatory elements (PlantCARE) database (Lescot 
et al., 2002). All search parameters were set to default. Red and 
purple highlighted sequences are ARE motifs predicted by the 
PLACE database, while sequence highlighted in green is from 
PlantCARE database.  Sequences presented here are predicted sites 
based on their high conservation across plant species (Dolferus 
et al., 1994b; Mohanty et al., 2005).   
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ARE sequences.  
 The tissue-specific expression profile of CML38 during 
submergence stress was analyzed by using CML38pro::GUS 
transgenic plants. Under normoxic conditions, CML38pro::GUS 
seedlings showed a basal level of expression at the 
hypocotyl-root junction (0 HR) (Figure 3.5 left panel).  
However, submergence of seedlings resulted in an elevation 
of GUS activity in both root and shoot tissue (Figure 3.5. 
right panel).  
The hypoxia-induced expression of CML38 or CML39 
transcript was also analyzed by quantitative real time PCR 
(Q-PCR) with gene-specific primers for each gene product. 
Regions from the 3’UTR specific for CML38 and corresponding 
regions specific for CML39 were chosen for designing 
forward and reverse primer sets for Q-PCR. Under normoxic 
conditions, basal levels of CML38 and CML39 transcripts 
show a distinct pattern with CML38 transcripts detected in 
all tissues assayed except siliques, while CML39 was only 
present in siliques and to lesser extent in stem tissue 
(Figure 3.6). 
CML38 and CML39 transcripts showed distinct responses 
in twelve day-old Arabidopsis seedlings challenged with  
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Figure 3.5: CML38 tissue expression under hypoxia 
assayed with CML38pro::GUS reporter plants.  
GUS expression analysis was done for 10-day old hypoxia 
treated CML38pro::GUS transgenic seedlings. Untreated 
negative control and 8 HR hypoxia-treated seedlings by 
complete submergence are shown.  The bottom panels show 
magnified images of the root tip area.  Scale bars: top, 
500 µm; bottom, 25 µm 
 









Figure 3.6: Expression of CML38 and CML39 in various 
tissues of wild type Arabidopsis under standard growth 
conditions. Q-PCR analysis for the expression of CML38 and 
CML39 in indicated organs of 6-wk old wild type Arabidopsis 
plants under normal growth conditions. Relative expression 
represents 2
 -ΔCt
 values obtained by subtracting the threshold 
cycle value (Ct) of CML38 or CML39 from that of the internal 
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hypoxia (Figure 3.7). Complete submergence of seedlings in 
water purged with nitrogen gas resulted in a rapid and 
acute induction of CML38 in both the root tissues (350-fold 
increase at 6 hr post-submergence) and shoot tissues (100-
fold increase at 4 hr post-submergence). In contrast, the 
expression of CML39 in response to submergence was modest, 
showing a 5-fold enhancement in the root tissues at 6 hr 
post hypoxia and little effect at other time points (Figure 
3.7). The GUS reporter and Q-PCR support the promoter 
analyses discussed above and indicate that CML38, and not 
CML39, is a hypoxia responsive gene.  
The experiment shown in Figure 3.7 was conducted in 
darkness. To exclude the possibility that the response is 
the result of dark/light mediated signaling, the expression 
of CML38 under hypoxia in light and darkness was tested 
(Figure 3.8). Similar to the core anaerobic response gene 
ADH1, CML38 expression responds to oxygen deprivation 
regardless of the light conditions (Figure 3.8).  
IV. Ethylene and ROS mediators of CML38 expression  
 Ethylene plays a major role in the hypoxia-induced 
expression of key anaerobic response genes (e.g., ADH1 and 
Hypoxia inducible ethylene response factors –HRE1 & 2) 
 











Figure 3.7: Expression of CML38 and CML39 in hypoxia 
challenged 12-day old Arabidopsis seedlings. Q-PCR analysis 
of CML38 and CML39 expression in roots (squares) and shoots 
(circles) of hypoxia challenged 12-day old Arabidopsis 
seedlings. Normalized expression represents 2
 -ΔΔCt
 values 
obtained by subtracting the threshold cycle value (Ct) of CML38 
or CML39 from that of the internal reference gene, Ubq10, and 
using the 0 hr shoot sample as a calibrator. Error bars indicate 
S.E. of three biological replicates. 
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Figure 3.8:  Influence of light on hypoxia induced 
expression of CML38. Q-PCR analysis of CML38 and ADH1 
expression in 12-day old Arabidopsis seedlings under normoxia (0 
hr) and challenged with 6 hr hypoxia under continuous light (~100 
μmol m-2 s-1) and dark conditions. Normalized expression was 
determined as described in Figure 3.7. Error bars indicate S.E. 
of three biological replicates. An unpaired t test for both CML38 
and ADH1 expression under light vs dark is >0.05 suggesting that 
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(Licausi et al., 2010; Hess et al., 2011), which are 
correlated to various morphological and physiological 
responses in different plant species (Arru et al., 2014; 
Sasidharan and Voesenek, 2015). To test whether CML38 
shares this property with another ANP gene, the effects of 
ethylene on the expression of CML38 under low O2 treatment 
was investigated in wild type (WT) and ethylene signaling 
mutants (ein2-1, etr1-1 and etr1-7) (Figure 3.9). Compared 
to wild type seedlings, the ethylene-signaling mutants 
showed a reduced expression (2-3 fold) of CML38 both under 
normoxic as well as in response to 6 hr of hypoxia. A 
similar result has been observed regarding the effect of 
ethylene signaling mutants on the expression of ADH1 
encoding the fermentation enzyme Alcohol dehydrogenase 
(Hinz et al., 2010; Yang et al., 2011; Yang, 2014b, a). 
Signaling events associated with responses to 
anaerobic stress also involve the release of reactive 
oxygen species (Bailey-Serres and Chang, 2005; Pucciariello 
et al., 2012; Shingaki-Wells et al., 2014). It has been 
proposed that the production of hydrogen peroxide (H2O2) 
during O2 deficiency regulates the expression of some common 
core ANP genes including ADH and heat shock proteins (HSPs) 
 




Figure 3.9:  CML38 expression in the ethylene 
signaling mutant plants. Q-PCR analysis of CML38 
expression in 12-day old Arabidopsis seedlings under 
normoxia (0hr) and challenged with 6hr hypoxia in wild type 
(WT) and ethylene signaling mutants - ethylene insensitive-
2 (ein2-1), ethylene receptor 1 (etr1-1) and ethylene 
receptor 7 (etr1-7). Normalized expression was determined 
as described in Fig 3.7. Error bars indicate S.E. of three 
























6 h r  (H y p o x ia )
0 h r  (N o rm o x ia )
e tr1 -7W T e in 2 -1 e tr1 -1
 
  102 
 
(Pucciariello et al., 2012). Additionally, the ROS mediated 
elevation of Ca2+ is required for the upregulation of ADH1 
during flooding stress in Arabidopsis (Sedbrook et al., 
1996; Lecourieux et al., 2006). To determine whether CML38 
levels were also elevated in response to oxidative stress, 
10 mM H2O2 was exogenously applied to 12-day old seedlings. 
CML38 transcript levels assayed by Q-PCR showed a >60 fold 
increase within 30 minutes of treatment and declined close 
to the basal levels by 24hr (Figure 3.10). Overall, the 
studies presented above confirm that CML38 encodes an 
anaerobic response gene. Since it is the only CML to show a 
robust response to hypoxia and flooding, it may play a 
specialized role as a calcium sensor during the low O2 
responses in Arabidopsis. 
3.2. CML38 T-DNA knockout seedling survival under 
anaerobic stress 
I. Characterization of T-DNA insertional mutant of CML38  
 Mutations that target core hypoxia response genes in 
general have been shown to result in a lower survival 
and/or increased sensitivity to anaerobic stress (Ismond et 
al., 2003; Kursteiner et al., 2003; Licausi et al., 2010; 
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Giuntoli et al., 2014; Sorenson and Bailey-Serres, 2014). 
To determine the effects of eliminating CML38 expression on 
Arabidopsis responses to anaerobic stress, a T2 generation 
T-DNA mutant (Salk_066538C, subsequently referred to as 
cml38) line was obtained from the Arabidopsis Research 
Stock Center (ABRC). The position of the insertion and 
genotype of the cml38 T-DNA mutant line was investigated by 
PCR-based genotyping using a strategy of two gene specific 
primers flanking the predicted site of T-DNA insertion as 
well as a T-DNA left border primer (Figure 3.11).  A single 
PCR product of ~534 bp was obtained from the genomic DNA of 
the wild type control, consistent with the predicted size 
of the CML38 gene specific PCR product (Figure 3.11. B). In 
contrast cml38  genomic DNA sample did not produce this 
product, and instead produced a small 50 bp PCR product 
when using the T-DNA left border primer and the CML38_F 
primer (Figure 3.11. B). This conclusion was further 
supported by antibiotic selection of cml38 seeds on 
kanamycin which showed 100% resistance.  Sequencing of the 
insertion site revealed that cml38 contains a T-DNA element 
within the coding region of CML38 at a position +25bp 
downstream from the initiator ATG codon (Figure 3.11 A). 
Consistent with the inserion site, Q-PCR analysis confirned  
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Figure 3.10: Hydrogen peroxide induces CML38 
expression. Q-PCR analysis of CML38 and CML39 expression at 





in 12-day old Arabidopsis seedlings. Normalized expression 
was determined as described in Fig 3.7. Error bars indicate 
S.E. of three biological replicates. 
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Figure 3.11: Characterization of cml38 T-DNA insertional 
mutant. (A) The predicted position of the T-DNA insertion 
site in the CML38 coding region based on information from 
the ABRC. The primer positions used for PCR genotyping are 
shown. (B) PCR based genotyping of cml38. PCR products were 
resolved by electrophoresis on a 1% (w/v) agarose gel.  F+R, 
product obtained from genomic DNA PCR using CML38 gene specific 
primers; F+LBb1, product obtained from genomic DNA PCR using 
CML38 forward primer (CML38_F) and a primer complementary to 
the T-DNA left border (LBb1). A DNA Molecular weight standard 
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that the cml38 mutant plants do not express the CML38 
transcript in response to hypoxia induction (Figure 3.12). 
II. cml38 T-DNA mutant plant survival to anaerobic stress 
challenge 
 To test the effects of the loss of CML38 on survival 
after low-O2 stress exposure, 8-day old cml38 mutant and 
control Wt Arabidopsis seedlings were challenged with 15 hr 
of anaerobic treatment in the dark by purging an anerobic 
jar with argon gas followed by a 10 day recovery period 
under standard growth conditions (Sorenson and Bailey-
Serres, 2014). There was no difference in the growth 
pattern of the air treated (control) cml38 mutant and wild 
type seedlings (Figure 3.13. A). Argon-induced anaerobiosis 
resulted in chlorosis of apical shoot and reduction in the 
length of the primary root, and ultimately the death of a 
majority of the cml38 seedlings with a survival rate of 
<35% (Figure 3.13. B). Comparitively wild type plants which 
showed an enhanced survival  rate of >70% (Figure 3.13. B). 
To test whether the loss in survivability after 
anaerobic challenge was the result of reduced CML38 
expression, complementation lines were prepared by 
transformation of cml38 plants with an expression construct  
 




Figure 3.12: CML38 transient expression in wild type 
(WT) and cml38 mutant seedling seedlings in response 
to hypoxia.   Data are standardized to CML38 levels in 0 
hr wild type plants and normalization of expression was 
performed as described previously in Figure 3.7.  Error 
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Figure 3.13: Survival of cml38 T-DNA insertional mutant 
seedlings to argon-induced O2 deprivation.  (A) Eight-day 
old, vertically-grown seedlings corresponding to wild type 
(Wt) and cml38 T-DNA insertional mutant (cml38) were treated 
with air (normoxic control) or 15 hr of argon gas and were 
scored for survival after a ten day recovery period as 
described in the Materials and Methods. (B) Histogram showing 
the percent survival of WT and cml38 seedlings in response to 
argon treatment.  Error bars show the SEM of three biological 
replicates with each containing 25 to 40 seedlings. ** 
indicates a significant paired t test P value (<0.01) between 
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consisting of CML38 fused to C-terminal YFP under the CaMV 
35S promoter. 
Transformed cml38 mutants were selected for the 
presence of the 35S::CML38:YFP insert by PCR-based 
genotyping (Figure 3.14) and selection on media containing 
glufosinate ammonium (BASTA). T2 generation plants 
containing the complementation construct (35S::CML38) were 
tested for the recovery of CML38 expression in complemented 
plants by RT-PCR (Figure 3.15. B). RT-PCR results showed 
the presence of the CML38 (534bp) cDNA in Wt control and 
complementation lines, while no product was observed in the 
untransformed cml38 mutant (Figure 3.15. B), confirming the 
restoration of CML38 expression in complementtion line. 
Analysis of wild type, cml38, and 35S::CML38 
complementation lines showed that all lines exhibit normal 
growth under normoxic conditions (Figure 3.16. A). Survival 
analysis after recovery from argon-based anaerobic 
treatment showed complete restoration of the survival 
phenotype of complemention line to wild type levels (P 
value >0.5)(Figure 3.16. B and C). Overall these results 
suggest that CML38 is a component of anaerobic stress 
signaling response in Arabidopsis, and that loss of this   
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A 
Figure 3.14: Generation of 35S::CML38 complementation 
lines. (A) Diagrammatic representation of the pEARLY GATE 
101 vector harboring CML38:YFP used for complementing the 
cml38 mutant plants. The annealing of primers (pEG 
Genotyping D35S Fwd and Rev) used for PCR genotyping are 
shown with red bars on the 35S promoter region. KanR = 
Kanamycin resistance for selection in bacteria; BARR = BASTA 
resistance for selection in Arabidopsis. (B) Result of 
electrophoresis of PCR products on a 1.2% (w/v) agarose gel. 
Lane 1- pEG101 CML38-YFP vector as template (816bp) 
(positive control for PCR); lane 2 – CML38 complementation 
line and; lane 3 - cml38 mutant. Genomic DNA from respective 
plant was used as templates for PCR genotyping. A DNA 









Figure 3.15: RT-PCR analysis of the expression of CML38 
transcript in (Wt), CML38 complemented lines and cml38 
mutant. RT-PCR with CML38 complementation line specific primers 
was performed with root cDNA from Wt, CML38 and cml38 mutant 
seedlings. PCR amplified products were resolved by 
electrophoresis on a 1.2% (w/v) agarose gel. lane 1- DNA 
Molecular weight standard (bp=base pairs); lane 2 - Wt, 
untransformed wild type Arabidopsis; lane 3 - CML38 
complementation line and ; lane 4- cml38, T-DNA insertion 
mutant in the CML38 gene. The lower panel represents the RT-PCR 
results with primers amplifying ACTIN2 (ACT2) used as a 










Figure 3.16: Survival of CML38 complementation seedlings 
to argon-induced O2 deprivation. (A) Air treated (normoxic 
control) or (B) Argon gas treatedseedlings were allowed to 
recover as described in the materials and methods. (C) 
Histogram showing the percent survival of Wt, cml38 and 
CML38 seedlings in response to argon treatment.  Error 
bars show the SEM of three biological replicates with each 
containing 25 to 40 seedlings. ** indicates a significant 
paired t test P value (<0.01) between Wt and cml38. There 
is no significant difference between Wt and the 
complemented CML38.  
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gene, while not essential for normal growth, reduces the 
survival of plants to anaerobiosis.  
3.3. Subcellular localization of CML38 protein 
during hypoxia stress 
To investigate the dynamics of CML38 protein 
expression as well as its subcellular localization, 
transgenic Arabidopsis expressing CML38 with an in-frame C-
terminal YFP fusion (CML38-YFP) were generated using a 
recombineering method (Zhou et al., 2011). The advantage of 
this approach is that it results in in situ production of a 
gene encoding the protein of interest tagged with a 
fluorescent reporter within the larger genomic context, 
avoiding the exclusion of cis-regulatory elements (Zhou et 
al., 2011). To verify that the CML38-YFP recombineering 
plants respond to hypoxia treatment, plants grown 
hydroponically were perfused with nitrogen gas and the 
levels of CML38-YFP transcripts and CML38-YFP protein were 
analyzed. Q-PCR confirmed that CML38-YFP was induced by low 
O2 conditions, peaking at 4 hours and remaining elevated 
throughout the assay period (Figure. 3.17). Analysis of the 
protein levels by Western blot showed rapid accumulation of 
CML38-YFP protein with a peak reached at approximately 6 to  
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8 hrs post-hypoxia induction (Figure 3.18). 
Initial subcellular localization and accumulation of 
CML38-YFP was investigated by epifluorescence microscopy of 
the CML38-YFP recombineering seedling roots (Figure 3.19). 
Consistent with the Western blot analysis, the CML38-YFP 
fluorescent signal showed hypoxia-triggered expression in 
roots, with accumulation detected at 4 hr post-hypoxia and 
peaking by 8 hr (Figure 3.19).  
Higher resolution images of the 8 hr hypoxic CML38-YFP 
recombineering seedling root cells obtained by confocal 
microscopy showed that the fluorescent signal consists of 
distinct cytosolic granule structures. Analysis of these 
structures by Image J show that these particles range from 
0.1-3 μm (Figure 3.20). 
3.4. Association of CML38 with mRNA 
ribonucleoprotein complexes during hypoxia stress 
I. Identification of proteins associated with CML38 
granules during hypoxia stress 
To determine the identity of the granulated 
structures, as well as to identify the potential 
interaction targets of CML38 under hypoxia stress, an  
 




Figure 3.17: Expression of CML38 transcript in 
recombineering plants. Time course analysis of CML38-YFP 
and PDC1 (hypoxia control) transcript expression assayed 
by Q-PCR in the root tissue of 31-day-old hydroponically 
grown plants in response to hypoxia.  Normalized 
expression was determined as described in Figure 3.7. 
Error bars indicate S.E. (n=3 technical replicates).  
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Figure 3.18: CML38-YFP protein levels in recombineering 
plant root tissue. Time course of CML38-triple YFP fusion 
protein (102.1kDa) appearance with an anti-GFP antibody 
assayed by Western blot in the root tissue of 31-day-old 
hydroponically grown plants in response to hypoxia.   Top 
panel, Western blot chemiluminescent signal; bottom panel, 
Coomassie blue-stained gel from the same extracts as a 
loading control. The electrophoretic mobility positions of 
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Figure 3.19: Subcellular localization of CML38-YFP in 
the roots of hypoxia-challenged 10-day old CML38-YFP 
recombineering seedlings. Epi-fluorescence images of CML38-
YFP plant roots at 0 hr (normoxic control), and at 4 and 8 hr 








Figure 3.20: Confocal micrograph of root cells of 10-
day-old CML38-YFP seedlings after 8 hr submergence. 
DIC, image obtained with different interference contrast 
optics; YFP, image obtained with the YFP filter set. The 
histogram on the bottom depicts the size distribution of 
CML38-YFP granules across three size classes, as determined 
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immunoprecipitation (IP) approach was adopted. For this 
purpose, protein extracts from recombineering plants 
expressing the CML38-YFP fusion protein were combined with 
anti-YFP antibodies immobilized on magnetic beads which 
served as the IP reagent (Figure 3.21).  Based on the 
Western blot analysis of eluents from IP experiments with 
root extracts of hypoxia-induced CML38-YFP plants, a band 
corresponding to the predicted CML38-YFP fusion protein 
(102 kDa) was observed as well as some additional lower 
molecular weight immunoreactive bands that might represent 
breakdown products.  In contrast, IPs from negative control 
extracts (normoxic Wt and CML38-YFP recombineering lines) 
yielded no immunoreactive products (Figure 3.21). 
IPs from hypoxia-treated recombineering plants were 
analyzed by tryptic digestion followed by LC-MS/MS peptide 
fingerprinting. Analysis of mock negative control-IP 
samples from hypoxia-treated WT was used to identify and 
exclude false-positives.  By this approach, a total of 244 
distinct peptides corresponding to 48 proteins were 
identified for Wt (negative control) IP samples, compared 
to 1728 peptides corresponding to 254 proteins identified 
from CML38-YFP IP samples (Tables A1 and A2 in the appendix  
 






Figure 3.21 CML38:YFP immunoprecipitation. Western blot 
analysis for detection of CML38:YFP in normoxic and 6 hr 
hypoxic root tissue extracts after immunoprecipitation 
using anti-GFP magnetic beads (Chromotek). Lane 1, Wt 
normoxic roots; lane 2, normoxic recombineering plant 
roots; lane 3, 6 hr hypoxic recombineering plant roots. 
Protein molecular weight standards are shown on left in kDa 
(kilo daltons). 
 









  121 
 
materials). Exclusion of false positives resulted in the 
identification of 211 proteins for CML38-YFP (Table A3 in 
the appendix materials, and Figure 3.22) which can be 
segregated into seven broad functional categories based on 
PANTHER analysis (Table A3).   
 Potential insight into the nature of the CML38 
granules observed in Figure 3. 20 came from the observation 
that a subset (104 proteins) of the CML38-interacting 
proteins have been previously characterized as proteins 
associated with mRNA-nucleoprotein particles (mRNPs) and/or 
RNA processing functions (Table A4 in the appendix 
materials).  A summary of this protein subset (Table 3.2) 
shows that they can be classified into several functional 
mRNP categories including ribosomal proteins belonging to 
three distinct families (RPL, RPS, and RPP), translation 
initiation factors, heat-shock proteins and chaperones, 
proteins associated with ubiquitination and protein 
degradation, mRNA processing and degradation proteins 
associated with P-body ribonucleoprotein particles, , RNA  








Figure 3.22: CML38 interactome in hypoxic Arabidopsis 
roots. (A) Venn diagram showing the number of shared and unique 
proteins identified in Wt (control) and CML38-YFP 
immunoprecipitates from hypoxia-stressed wild type and CML38-YFP 
recombineering plants. A total of 48 proteins were identified 
for the WT control and 254 proteins for CML38-YFP, out of which 
211 were identified as unique targets. (B) Pie chart showing the 
percentage distribution of CML38-YFP interacting proteins in 
seven groups based on their biological function predicted by the 





  123 
 
Table 3.2: mRNP protein classes within CML38 
immunoprecipitates based on MS-MS peptide fingerprinting.  
Functional 
group1 







RPL- 60S subunit (32 
proteins) 
RPS- 40S subunit (27 
proteins) 



















PABP (poly-A binding 
protein) 
SG 











HSP81,89 & 90,91 
TCP-1(CPN60) 
SG, HSG 
HSG, U3 snoRNP 









UBQ1, UBQ5, UBQ6 
RPN1A 














DEAD/DEAH box RNA 
helicases 
Tudor-SN proteins 




















1Selected mRNP proteins classified according to predicted function and mRNP type 
2Listed candidates may have overlapping function and can belong to more than one mRNP 
type [*]. Abbreviations – Stress Granule (SG), Processing body (PB), Heat Shock granule 
(HSG), Small nucleolar RNA U3 (U3 snoRNP), Exon Junction Complex (EJC) 
3[1] Samaha et al., 2010; [2] Kedersha et al., 2002; [3] Soreson & Bailey-Serres., 2014; 
[4] Li et al., 2010; [5] Koroleva et al., 2009; [6] Buchan & Parker., 2009;[7] Bailey-
Serres et al., 2009; [8] Kimball et al., 2003; [9] Weber et., 2008; [10] Nover et 
al.,1989; [11] Gilks et al., 2004;[12] Buchan et al., 2013; [13] Mazroui et al., 2007; 
[14] Hongyong et al., 2002; [15] Sako et al., 2012; [16] Xu et al .,2006; [17] Kobayashi 
et al., 2007;[18] Kant et al., 2007; [19] Yan et al., 2014; [20] Gutierrez-Beltran et 
al., 2015; [21] Wang et al., 2012; [22] Reineke et al., 2015 
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II. CML38 colocalization with Arabidopsis stress granule 
marker RNA binding protein (Rbp47)  
 The appearance of CML38-YFP granulated bodies in the 
hypoxia-challenged seedlings, and the finding of mRNP 
granule markers in CML38 immunoprecipitates, suggest that 
the appearance of CML38 granules may be the result of 
localization to hypoxia-induced stress granules (SGs).  It 
is well established that part of the hypoxia-response in 
plants is the rapid formation of SG mRNP bodies that serve 
as translationally-repressed mRNA triage centers that 
facilitate the storage and/or transfer of mRNA to other 
RNPs during adaptation to hypoxia stress (Weber et al., 
2008; Sorenson and Bailey-Serres, 2014).   To test this 
hypothesis, a transient transfection and expression method 
in Nicotiana benthamiana leaves was used (Stonebloom et 
al., 2009). N. benthamiana leaves were transfected with a 
D35S::CML38:YFP construct consisting of a C-terminal 
translational fusion of CML38-YFP driven by the double CaMV 
promoter. The transformed leaves were subjected to hypoxia 
as described previously (Weber et al., 2008; Sorenson and 
Bailey-Serres, 2014). Consistent with the previous 
observation (Figure 3.20) in Arabidopsis, CML38-YFP 
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localized into cytosolic granulated structures in N. 
benthamiana leaves in response to hypoxia challenge (Figure 
3.23 left panel).  
 To investigate CML38 colocalization with the stress 
granule-specific marker, RNA binding protein (Rbp) 47 
(Weber et al., 2008) under hypoxia stress, D35S::CML38:YFP  
was co-transfected with D35S::RBP47:CFP in N. benthamiana 
leaves as described above. Within 30 minutes of hypoxia 
induction, substantial co-localization of the two proteins 
within cytosolic granules, as well as the nucleus, was 
observed, although smaller amounts of individual granules 
of each were also apparent (Figure 3.23).   
The degree of colocalization between CML38 and Rbp47, 
was quantified by analysis with the JACoP plugin (Bolte and 
Cordelieres, 2006) in ImageJ using Van Steensel’s method 
(Van Steensel et al., 1996) (Figure 3.24). This method 
relies on cross-correlation analysis by shifting 
computationally one image (e.g., the green image 
representing CML38-YFP) in the x-axis (+/- 20 pixels) 
relative to the other image (e.g., red image representing 
Rbp47- CFP), and calculating the Pearson Coefficient (PC).  
 
 






Figure 3.23: CML38 and Rbp47 co-localization in hypoxic N. 
benthamiana leaves. N. benthamiana leaves were co-transfected 
with D35S::CML38:YFP and D35S::Rbp47:CFP and were subjected to 
30 min of hypoxia (Protocol 5 in Materials and Methods). (A) 
Confocal micrograph with the YFP filter set (false colored 
green) showing CML38-YFP localization; (B) Merged image of panel 
A overlayed with the chloroplast autofluorescent image (red); 
(C) Confocal micrograph with the CFP filter set (false colored 
red) showing Rbp47-CFP localization; (D) Merged image of panels 
A and C showing co-localization of Rbp47-CFP and CML38-YFP. 
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Figure 3.24: CML38 and Rbp47 colocalization analysis. 
Colocalization analysis performed with the JACoP plugin in 
ImageJ using the Van Steensel method as described in the text. 
(A) Shown are the slices from the CML38-YFP/Rbp47-CFP merged z-
stack and the average calculated. (B) Representative Van 
Steensel plot showing the colocalization analysis of slice 15. 
The cross correlation function between CML38-YFP and Rbp47-CFP 
signals is plotted against the pixel shift (δx). The fit to a 
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The PC is a quantitative measure of the pixel overlap 
in superimposed, merged dual-channel images (Bolte and 
Cordelieres, 2006). PC values range from 1 to -1, with 1 
representing theoretical complete correlation between the 
two fluorophores. A PC value between -0.5 to 0.5 is 
considered inconclusive, whereas values greater than 0.5 
represent significant colocalization (Bolte and 
Cordelieres, 2006).   
Analysis of representative 0.2 μm optical slice 
sections from the z-stack of merged Rbp47-CFP and CML38-YFP 
images show calculated PC values ranging from 0.59 to 0.63 
supporting partial colocalization of the two fluorescent 
signals (Figure 3.24).  This is strongly supported by a 
plot of the CCF vs pixel shift (δx) (Figure 3.24 C). As 
discussed by Van Steensel et al., (1996) the colocalized 
dual image data should be well fit to a Gaussian function 
with a maximal peak at δx = 0. In contrast, random 
distribution (no correlation) and exclusion should result 
in a trough at δx = 0 (Van Steensel et al., 1996). The 
CML38/Rbp47 shows an excellent Gaussian fit (Figure 3.24) 
with δx peak close to zero. 
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III. Requirement for calcium in the CML38 granule 
localization during low-O2 stress 
 Calcium sensor EF hand proteins, including CML38, 
exhibit Ca2+-dependent conformational changes (Vanderbeld 
and Snedden, 2007) that are associated with regulation of 
function through interaction with cellular target proteins 
(Bender and Snedden, 2013).  To investigate the role of Ca2+ 
binding in CML38 association with cytosolic granules during 
the hypoxia period, the effects of ruthenium red (RR), a 
pharmacological agent  which lowers cytosolic Ca2+ levels by 
inhibition of intracellular Ca2+ channels (Sedbrook et al., 
1996; Dolferus et al., 1997; Subbaiah et al., 1998) was 
tested on N.benthamiana leaf expressing CML38-YFP. 
 Application of RR led to the loss of cytosolic CML38 
granules within 4 minutes of application (Figure 3.25), 
with CML38-YFP fluorescence detected solely within nuclear 
foci. To determine whether this effect of RR was the result 
of disruption of SG or, if it was only affecting the 
association of CML38 with these structures, the effect of 
RR on Rbp47-CFP was compared to CML38-YFP in co-transfected 
cells (Figure 3.26). Rbp47 association with cytosolic 
granules remains unaltered in response to RR treatment,  
 





















Figure 3.25: Effect of ruthenium red on CML38-YFP 
associated granules in hypoxic N. benthamiana leaves.  
(Left panel)Confocal images of N. benthamiana leaf epidermal 
sections transfected with D35S::CML38:YFP. Granule formation 
was induced by 30 min of hypoxia treatment, and then RR was 
applied as described in the Materials and Methods.  T0 
represents the starting time before RR was applied (-RR), 
while T3.5 and T9 mark the treatment in minutes after the RR 
application (+RR). Scale bar: 25 µm. (Right panel) Enlarged 
view of the nucleus showing localization of CML38-YFP at 
T9.5 minutes of RR treatment.  Scale bar: 1 µm 
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Figure 3.26: Ruthenium red affects CML38-YFP 
granule localization but not Rbp47-CFP granule 
association.  Confocal images of N. benthamiana leaf 
epidermal sections co-transfected with D35S::CML38:YFP 
and D35S::RBP47:CFP.   Granule formation was induced 
by 30 min of hypoxia treatment, and then 0.1 mM RR was 
applied as described in the Materials and Methods.  T0 
represents the starting time before RR was applied (-
RR), while T4 and T9 mark the treatment in minutes 
after the RR application (+RR). Scale bar: 25 µm. 
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suggesting that the overall integrity of the SGs is 
retained (Figure 3.26).  Thus, it appears as if calcium is 
necessary for CML38 association with SG structures, 
presumably through the calcium-dependent sensor function of 
CML38. 
IV. CML38 expression and granule localization during 
recovery from low-O2 stress 
Previous studies in both animals and plants have shown 
that recovery from stress conditions is accompanied by the 
disassembly of SG structures and degradation of SG-
associated proteins (Gilks et al., 2004; Buchan and Parker, 
2009; Sorenson and Bailey-Serres, 2014).  In order to test 
the dynamics of CML38 transcript, protein levels and its 
localization during recovery from hypoxia stress, we 
administered complete submergence to the recombineering 
seedlings and allowed them to recover under standard growth 
conditions. Re-aeration of hypoxia-treated recombineering 
seedlings resulted in a decrease in the transcript and 
protein levels within 2 hours (Figure 3.27). Analysis of 
the hypoxia induced CML38-YFP granules in the roots of 
recombineering seedlings revealed the disappearance of the 
granules within 3 hours of re-aeration (Figure 3.27 C).   
 




Figure 3.27: Effect of re-aeration on CML38 expression 
and granule structures. (A) Q-PCR of CML38-YFP from root 
tissue of 10-day-old CML38-YFP seedlings challenged with 6 
hr of hypoxia stress (HY) and then re-oxygenated (R) for 2 
to 8 hr. Normalized expression was determined as described 
previously.  Error bars indicate S.E. of five biological 
replicates. (B) Western blot analysis for CML38-YFP 
(102.1kDa) for the indicated treatments (top) and a 
Coomassie blue-stained gel with the same extracts as a 
loading control (bottom).  The electrophoretic mobility 
positions of molecular weight marker proteins are indicated. 
(C) Confocal images of root tissue of a 10-day-old CML38-YFP 
seedling after 6 hr of hypoxia (6HY), followed by 3 and 6 
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This is consistent with stress granule dynamics during 
reoxygenation and related heat stress recovery from 
previous studies (Sorenson and Bailey-Serres, 2014; 
Gutierrez-Beltran et al., 2015) and support the association 
of CML38 and these stress mRNP, during the hypoxia 
response.  
3.5. CML38 is an Arabidopsis homolog of N.tabacum 
regulator of gene silencing calmodulin (rgsCaM) 
I. CML38 is a member of the rgsCaM-like family of 
Arabidopsis  
RgsCaM was identified as the first endogenous 
suppressor of silencing in tobacco and an interaction 
target of tobacco etch virus protein helper component 
proteinase (HcPro) (Anandalakshmi et al., 2000). 
Phylogenetic analysis reveals that CML38 is part of a 
larger family of structurally related calcium sensor 
proteins, which form an rgs-CaM like family of Arabidopsis 
(Figure 3.1. highlighted in blue). In Arabidopsis there are 
three additional proteins associated with the rgsCaM-like 
clade (CML37, CML39 and CML41) (Figure 3.1). Sequence and 
domain analysis of rgsCaM and CML37, 38, 39, and 41 show 
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that they share common sequence and predicted structural 
features including: 1. The presence of four EF-like calcium 
binding domain structures (Figure 3.28); 2. The common 
finding that EF hand III in these structures possesses 
substitutions predicted to disrupt calcium binding (Figure 
3.28 and 29); and 3. the presence of a basic amphipathic 
extension amino terminal to the acidic EF calcium sensor 
domains (Figure 3.28).   
The structural properties of CML38 and rgsCaM were 
compared with the well-studied calmodulin structure by 
homology modeling. Several crystal structures of Ca2+-bound 
calmodulin have been solved, e.g., (Zhang et al., 2012; 
Kursula, 2014a; Lu et al., 2015) and all adopt the same 
bilobal tertiary structure (Figure 3. 30). This consists of 
EF hands 1 and 2, each bound to a calcium ion, folded into 
one globular domain connected by a flexible α-helical 
tether to a second calcium-bound globular domain formed by 
EF hands III and IV (Kursula, 2014b). Each globular domain 
of Ca2+-CaM possesses an exposed hydrophobic surface, which 
serves as a binding site for interacting CaM target 
proteins (Chin and Means, 2000).  
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Figure 3.28: Sequence comparisons of the RgsCML subfamily 
proteins. (A) Amphipathic and basic N-terminal extensions of 
rgsCaM and rgsCaM-like CML proteins which precede the first EF 
hand of the calcium sensor domain. In comparison, 
calmodulins from plant and animal species have simple 
conserved five amino acid extensions (ADQLT) with no 
apparent structural significance. (B) Multiple sequence 
alignment of the EF hand calcium binding domains within the 
calcium sensor domains of RgsCaM and rgsCaM-like CML proteins 
of Arabidopsis compared to a canonical plant calmodulin (CAM7). 
Predicted EF hand amphipathic helices that flank the calcium 
binding loop are shown in blue. Predictions of functional Ca2+-
binding loops (EF hands 1, 2, and 4) are highlighted in green, 
and calcium binding loops with disrupted structural elements  ( 
EF hand 3) are in red. Conserved acidic and polar residues that 
contribute calcium-binding ligands are indicated with stars, 
and the conserved glycine residue that facilitates flexibility 
of the calcium loop turn is shown with “#”. Residues which are 
identical in >50% of sequences at a given position have black 
backgrounds, while residues with grey backgrounds share 
similarity with >50%.  
 






  138 
 
  
Figure 3.29: Alignment of the canonical EF hands 
predicted to form calcium binding lobes in 
calmodulin, CML38 and rgsCaM.  The regions of CML38 
and rgsCaM that contain EF hand domains are shown aligned 
with the four canonical EF hands of calmodulin (VU-1 CaM, 
Roberts et al., 1985).   The asterisks mark the positions 
of the six amino acid residues that contribute oxygen 
atom calcium coordinating ligands (the canonical EF hand 
sequence is D-x-[D or N]-x-[D,N, or S]-G-x-[I,V or L]-
[G,S,T,D,N,E or Q]-x-x-[E or D]).  Shown highlighted in 
the yellow background are substitutions in the Ca2+ 
binding loop of EF hand III of both CML38 and rgsCaM. 
Residues that represent significant substitutions 
predicted to result in disrupted calcium coordination are 
underlined and italicized. 
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Figure 3.30: Homology modeling of CML38 and rgsCaM.  
Panels 1 and 2, Superimposed backbone structures of calmodulin 
(red) and the rgsCaM (yellow) or CML38 (green) homology models. 
Both models show strong superimposition with the CaM structure 
(RMSD = 0.63 Å or 0.71 Å for CML38 and rgsCaM respectively) 
compared to the CaM backbone.  Bound calcium ions are shown as 
blue spheres.  Panel 3, close up of the calcium binding loop of 
calmodulin EF hand III highlighting the selected calcium binding 
side chains.  Asp93, Asn 97 and Glu104 provide oxygen atoms that 
contact the bound calcium (yellow sphere) while Gly98 provides 
loop flexibility.  Panel 4 shows the corresponding residues in 
CML38 EF hand III.  The substitution of Ile for Asp, Glu for 
Asn, and Ser for Glu results in removal or disruption of calcium 
coordinating atoms.   The substitution of a bulky Asp for Gly 
would likely disrupt flexibility and conformation of the calcium 
binding loop.  
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 Comparison of this canonical CaM structure to the 
CML38 and rgsCaM homology models show that the predicted EF 
hands possess the structural similarity and spacing to 
adopt the bilobal structure of CaM with each pair of EF 
hands (I and II, and III and IV) forming a folded globular 
domain separated by a flexible helical linker region 
(Figure 3.30). However, a closer examination of the 
predicted structure of EF hand III of CML38 shows how the 
unusual substitutions disrupt interaction and spacing of 
calcium binding ligands (Figure 3.30 panel 3 & 4).  
Taken together, sequence analysis and structural 
modeling indicate that while rgsCaM-like proteins possess 
the overall domain organization of the well characterized 
CaM template, they also possess distinct shared properties 
that suggest divergence from CaM. To characterize further 
the biochemical properties of CML38, the production of 
recombinant CML38 from E.coli was pursued.    
II. Expression and purification of recombinant CML38 from 
E.coli 
 The first approach taken for the production of 
recombinant CML38 was to clone the CML38 ORF into the 
pVUCH1 expression vector  (Roberts et al., 1985). This 
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places the CML38 ORF under the direct control of a hybrid 
trp-lac (“tac”) promoter, which is inducible by IPTG and 
should result in the production of CML38 protein without 
any tags or leader sequences (Materials and Methods, Figure 
2.2). 
 One advantage of Ca2+ sensors with respect to protein 
purification is the ability to exploit their Ca2+-dependent 
conformational change. For example, CaM can be purified 
from crude extracts in a one-step procedure involving Ca2+-
dependent hydrophobic interaction chromatography on phenyl-
sepharose (Figure 3.31). However unlike calmodulin, 
attempts to express and purify CML38 with this method were 
unsuccessful (Figure 3.31). Examination of the coding 
sequence of CML38 led to the discovery that it possessed 
codons, particularly for arginine and lysine, which are low 
usage codons in bacteria. To produce a codon optimized 
version that would help in efficient translation in E.coli, 
a synthetic CML38 gene was designed using the codon 
optimization tool (OPTIMIZER). CML38 expressed from the 
synthetic gene exhibited the ability to bind phenyl 
sepharose in a Ca2+-dependent manner and was eluted with 
EDTA (Figure 3.32). However, unlike recombinant CaM, Ca2+-  
 





Figure 3.31: Purification of CaM (VU1) and CML38 by 
Ca2+-dependent phenyl sepharose chromatography. SDS-
PAGE was performed on 12.5% (w/v) polyacrylamide gels, 
and proteins were stained with Coomassie blue. Cell 
extract (CE), column flow through (FL) and EDTA elution 
fractions (1-11) of VU1 CaM (16.7kDa) and CML38 
(20.1kDa).  The position of protein molecular weight 
standards are shown on the left. 
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dependent phenyl sepharose chromatography resulted in a 
CML38 protein preparation that was not homogenous (Figure 
3.32). In particular, distinct lower bands were often 
apparent below the CML38 proteins band (20.1kda), and in 
some preparations the co-purification of higher molecular 
weight bands were often observed.  
 To achieve better purity and yield, other combinations 
of expression vectors and E.coli strains were tested 
(Figure 2.4 and 2.5). Based on these analyses, the pCOLD-
III expression system (TaKaRa Clonetch) was chosen for 
expression of recombinant CML38 under the control of the 
cold shock protein A (cspA) promoter (Figure 2.5). This 
results in the selective induction of CML38 protein 
synthesis at low temperatures (15°C) which decreases errors 
by suppressing the rate of host protein expression from 
higher expression constructs, as well as decreasing the 
rate of degradation by protease activity (TaKaRa Clonetch). 
In addition, the purification procedure was modified by 
incorporating a His-tag-based Ni-NTA chromatography step 
prior to Ca2+-dependent phenyl sepharose chromatography 
(Figure 3.33). Using this procedure a homogenous 
preparation of CML38 was obtained (Figure 3.34) which was  
 








Figure 3.32: Purification of recombinant CML38 from 
expression of synthetic gene. Protein purification was 
performed by a Ca2+-dependent phenyl sepharose 
chromatography. SDS-PAGE gel on a 12.5% polyacrylamide gel 
showing: Cell extract (CE), flow through (FL) and EDTA 
elution fractions of His-CML38 (predicted MW = 20.7kDa). 
The position of protein molecular weight standards are 
shown on the left.  
 




Figure 3.33: Two-step procedure for CML38 protein 
purification from pCold expression construct.  
(A) Protein purification was performed on Ni-NTA resin 
(Qiagen) as described in the Materials and Methods. SDS-
PAGE (12.5% w/v polyacrylamide gel) showing cell extract 
(CE), column flow through (FL) and imidazole elution 
fractions of His-CML38 (~20.7kDa). (B) Phenyl sepharose 
chromatography of Ni-NTA purified His-CML38 (fraction 2 
from panel (A) Lane 1, input fraction; lanes 2-10, EDTA 
elution fractions from phenyl sepharose. The position of 
protein molecular weight standards are shown on left. 
CE    FL   1     2      3    4      5    
6  A 
B 
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Figure 3.34: Effect of Ca2+ and EGTA on the 
electrophoretic mobility of CaM and CML38 proteins.  
Two µg of purified CaM (VU1) and CML38 were incubated with 
2 mM CaCl2 and 2 mM EGTA separately and resolved by SDS-
PAGE on 12.5% (w/v) polyacrylamide gels. Black arrows 
indicate Ca2+ free CaM and CML38 while red arrows indicate 
Ca2+-bound form.  The position of protein molecular weight 
markers are indicated on the left. 
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used for functional analyses.   
III. CML38 binds calcium and undergoes conformational 
changes  
Based on alignment and modeling studies, CML38 is 
predicted to possess the conserved biochemical features of 
EF hand Ca2+ sensor proteins which bind calcium and undergo 
conformational changes to expose target-binding hydrophobic 
domains (Chin and Means, 2000). In support of this, CML38 
shows a Ca2+-dependent conformational change similar to CaM 
based on the observation that it binds to phenyl-sepharose 
in a Ca2+-dependent manner.  To further investigate the Ca2+-
dependent conformational change in CML38, a gel shift assay 
was performed (Figure 3.34). This assay is based on the 
well characterized property of calmodulin and Ca2+-sensors 
to undergo a Ca2+-dependent mobility shift on SDS gels due 
to its conformational change upon binding to calcium 
(Burgess et al., 1980). Similar to calmodulin, CML38 shows 
an increase in electrophoretic mobility in the presence of 
calcium (Figure 3.34).  
Ca2+-dependent binding of phenyl sepharose and the gel 
shift assay support the proposal that CML38 is a Ca2+ sensor 
which may follow the calmodulin paradigm. However, homology 
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modeling and sequence alignment studies with CML38 predict 
divergence in the Ca2+-binding characteristics, which could 
affect CML38 calcium binding properties and the associated 
conformational changes  
To compare the metal ion binding properties of 
calmodulin and CML38, the interaction of each protein with 
the luminescent rare earth metal ion Tb3+ was analyzed. Tb3+ 
has an ionic radius comparable to Ca2+ and interacts readily 
with EF hand domains. The method for assay of Tb3+ binding 
to Ca2+ binding sites involves excitation of protein 
aromatic side chains (e.g., tyrosine) with UV light. If Tb3+ 
is bound in a location proximal to these excited residues, 
resonant energy transfer occurs, and Tb3+ emits a 
fluorescent signal in the range of 550 nm. As a result of 
this property, Tb3+ has been widely used for Ca2+-binding 
site studies on CaM (Brittain et al., 1976; Chao et al., 
1984).  
Excitation of a Tb3+ and CaM mixture at 295 nm results 
in an emission peak at approximately 560 nm, which was 
completely quenched with the addition of EGTA (Figure 3.35 
A). Tb3+ also induced a fluorescent signal at 560 nm in 
CML38 with an intensity that was 3-4 fold lower than CaM  
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Figure 3.35: Terbium (Tb3+) luminescence studies of CaM 
and CML38. Experiments were performed with 30 μM of (A) VU1-1 
calmodulin and (B) CML38, in the presence of 120 μM of TbCl3. 
+EGTA shows the emission spectrum upon addition of 1.6 mM 
EGTA. Excitation was performed at 295 nm and emission scans 
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(Figure 3.35 B). A difference in the intensity of Tb3+ 
signal could be the result of several factors, including 
the location of tyrosine sidechains relative to bound Tb3+ 
or the stoichiometry of Tb3+ binding. The more surprising 
finding is that the CML38 Tb3+ fluorescent signal could not 
be quenched completely with the addition of EGTA. The 
presence of a Tb3+ fluorescent signal in the presence of a 
strong calcium chelator (EGTA) suggests that unlike CaM, 
CML38 has a strongly bound Tb3+ ion that is not released.  
To investigate more quantitatively the conformational 
change associated with calcium binding, ANS fluorescence 
analyses were performed. 1-anilino-8-naphthalene sulfonate 
(ANS) anion undergoes an increase in the fluorescent 
intensity upon binding to hydrophobic surfaces of proteins. 
It has been used widely to study the Ca2+-induced 
conformational changes in CaM (Steiner, 1984; Matulis et 
al., 1999). In the presence of ANS, calcium-bound CaM 
showed an emission peak at 480 nm after excitation at 350 
nm (Figure 3.36 A). The ANS fluorescence intensity was 
lowered 3-fold by addition of excess EGTA, which is 
consistent with the sequestration of hydrophobic surfaces 
in the apoCaM structure (Steiner, 1984). CML38 also  
 





Figure 3.36: Fluorescence emission spectrum of CaM and 
CML38 with 1,8-ANS in presence of calcium and EGTA. 
Experiments were performed with 5 μM CaM or CML38, 6.7 μM of 
1,8-ANS and 1.3 mM CaCl2 in 300 µl of 50 mM HEPES-NaOH pH 7,100 
mM NaCl at 25°C. For quenching, EGTA was added to the mixture 
to a final concentration of 2.6 mM. Excitation was performed at 
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exhibited calcium enhanced ANS fluorescent signal in the 
presence of calcium but differ quantitatively in two 
respects. First, the intensity of the ANS signal is four-
fold lower than that observed in calmodulin. This suggests 
that the hydrophobic environment of the two proteins or the 
affinity for ANS is different. Second, although the level 
of ANS fluorescence decreases with addition of EGTA, the 
intensity of the remaining ANS signal remains higher than 
that of EGTA-CaM. This suggests the association of ANS with 
CML38 in the absence of free Ca2+, which in turn could 
indicate the presence of a hydrophobic surface on CML38 
even in a calcium dissociated state. This result supports 
the Tb3+ binding study and suggests inherent differences in 
the Ca2+ binding characteristics of CML38 and Ca2+-CaM, and 
the associated conformational change.   
IV. CML38 does not activate Ca2+ CaM-dependent target 
enzymes 
A major question regarding CML38 function as a 
potential calcium sensor is “what are the calcium-dependent 
regulatory targets of the protein”? The general calmodulin 
paradigm for calcium dependent regulation of enzyme 
activity is shown in Figure 3.37. Calcium association with  
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Figure 3.37: The calcium and calmodulin regulatory 
paradigm. 
(A)From left to right - NMR structure of apo (calcium 
depleted) calmodulin (Kuboniwa et al., 1995); X-ray 
crystal structure of calcium-saturated calmodulin (Ca2+-
CaM) (Babu et al., 1988); NMR structure of Ca2+-CaM 
complexed with a peptide for the CaM-binding domain of 
smooth muscle light-chain kinase shown in red (Ca2+-CaM-
enzyme) (Ikura et al., 1992). In each structure, the 
calcium binding loops are show in white (N-terminal lobe) 
or in blue (C-terminal lobe). Residues forming the 
hydrophobic core in both the lobes are shown in yellow. 
(B) Shown is the general mechanism of CaM paradigm that 
involves CaM dependent activation of an inactive target 
protein using Ca2+ as a regulator. First step includes 4Ca2+ 
ions binding to the four EF-hand loop of CaM and the 





  154 
 
the protein (Kd = 10-6 µM) upon increase in cytosolic 
calcium results in a conformational change that exposes 
hydrophobic surfaces on each lobe. These interact with 
target sequences on calmodulin regulatory proteins 
(typically basic amphipathic α-helices) resulting in target 
protein activation (Kursula, 2014b; Lu et al., 2015).  
Plant NAD kinase is an established target enzyme of 
plant calmodulin, and the ability of test Ca2+ sensor 
proteins to activate this enzyme in vitro has been used as 
a diagnostic test for calmodulin activity with widely 
divergent calmodulins (e.g., plant, animal and microbial) 
able to bind and activate the enzyme (Roberts et al., 
1984a; Roberts et al., 1985). To test NAD kinase activation 
by CML38, its ability to activate Arabidopsis NAD kinase 
was assayed (Figure 3.38). Recombinant VU1 calmodulin was 
able to activate NAD kinase in a Ca2+-dependent manner as 
previously described (Roberts et al., 1985) (Figure 3.38). 
In contrast, CML38 failed activate the enzyme suggesting 
that it does not possess calmodulin activity (Figure 3.38).  
Overall the studies performed above suggest that CML38 
differs from calmodulin in Ca2+ binding properties, 
conformational change induced by Ca2+, and its interaction 
 




Figure 3.38: NAD kinase activation by CaM and 
CML38.  Histogram showing the Arabidopsis Ca2+-CaM 
dependent NAD kinase activity measured in the 
presence of 1 mM CaCl2 or 5 mM EGTA with an excess 
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with regulatory targets. These differences suggest that the 
CML38 possesses its own unique set of regulatory targets.  
V. CML38 is a substrate for Ca2+-dependent phosphorylation 
As discussed earlier (Figure 3.28) another property 
that distinguishes rgsCaM-like proteins from calmodulin is 
the presence of an amino-terminal extension. These 
extensions contain basic amphipathic residues that are 
predicted to form amphipathic α-helices similar to 
calmodulin-binding domains (Figure 3.37). Analyses of these 
sequences with a calmodulin-binding site prediction 
algorithm (calcium.uhnres.utoronto.ca) support this 
prediction. In addition, both rgsCaM and CML38 possess a 
conserved serine residue that is found within a putative 
calcium-dependent protein kinase phosphorylation (CDPK) 
phosphorylation motif (Figure 3.39). To test if CML38 could 
act as a potential target for CDPK, an in vitro 
phosphorylation assay was performed with purified CML38 
using a recombinant form of an Arabidopsis CDPK, KJM23-6H2 
(Figure 3.40) (Harper et al., 1994). KJM23-6H2 is a 
recombinant form of CDPK engineered by Harper et al., 
(1994) with a mutation in the junction domain. As a result 
this kinase is constitutive and is no longer dependent on  
 




Figure 3.39: Diagrammatic representation of the 
conserved amino terminal extension in rgsCaM and 
CML38.  The boxed residues show the region predicted to 
form an amphipathic α-helical region with similarities to 
calmodulin binding α-helices.  The hydrophobic residues 
(red) and basic charged residues (blue) that are predicted 
to be found on nonpolar and hydrophilic helical faces are 
indicated.  The position of a conserved serine (underlined 
and marked green) within a predicted CDPK phosphorylation 
motif [basic-X-X-ser/thr,(Harper and Harmon, 2005)] is 
shown.  
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Figure 3.40: In vitro phosphorylation analysis of 
recombinant CML38. An in vitro protein kinase assay was 
performed with KJM23-6H2 CDPK in the presence of 3 µM CML38 
and 1 mM Ca2+ or 1 mM EGTA. Reaction mixtures were resolved by 
SDS-PAGE on 15% (w/v) polyacrylamide gel. Top panel, results 
of autoradiography; Bottom panel, Coomassie blue stained gel. 
The position of protein molecular weight markers are shown on 




  159 
 
on calcium for activity. The use of this form of CDPK 
allowed the analysis of the effects of calcium binding to 
CML38 on its ability to serve as a substrate for CDPK. 
CML38 was readily phosphorylated by KJM23-6H2 CDPK, 
but this phosphorylation of CML38 only occurs in the 
calcium bound state (Figure 3.40). Since KJM23-6H2 CDPK is 
calcium independent, the effects of calcium must be through 
the interaction with the substrate CML38. This observation 
suggests that the site of phosphorylation in CML38 is only 
exposed by calcium, and is not accessible in the apo-state. 
The data suggests that CML38 is a potential target of CDPK, 
raising the possibility of an addition level of calcium-
dependent regulation and cross-talk by other regulatory 
pathways. 
VI. CML38 interacts with a viral suppressor of silencing: 
Helper Component Proteinase (HC-Pro) 
 The archetype of the rgsCaM clade, tobacco rgsCaM, was 
originally identified as an interaction target for the 
plant viral protein, HC-Pro (Anandalakshmi et al., 2000). 
The helper component proteinase (HC-Pro) is encoded by 
plant viruses of the genus Potyvirus and is implicated in 
different steps of the viral replication cycle, aphid and 
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cell-to-cell transmission of the viral particles and is a 
suppressor posttranscriptional gene silencing of the plant 
host (Thornbury et al., 1985; Anandalakshmi et al., 1998). 
Expression of rgsCaM is induced by the transfection of 
plants with HC-Pro (Anandalakshmi et al., 2000). 
Additionally, overexpression of rgsCaM can itself lead to 
suppression of posttranscriptional gene silencing in 
tobacco in the absence of viral infection or HC-Pro 
expression (Anandalakshmi et al., 2000). It has therefore 
been postulated that HC-Pro functions to suppress the 
antiviral RNA silencing response in part through its 
interaction with, and modulation of rgsCaM (Figure 4.3) 
(Anandalakshmi et al., 2000). 
 Similar to previous observations with tobacco rgsCaM, 
previous work by Endres et al., (2010) showed that turnip 
mosaic virus (TuMV) HC-Pro transfection of Arabidopsis 
elevates the expression of CML38. In addition, two 
functional copies of CML38 are required for TuMV HC-Pro 
mediated suppression of virus induced gene silencing in 
Arabidopsis (Foreman, 2012). To investigate whether, 
similar to tobacco rgsCaM, CML38 is a potential interaction 
 
  161 
 
target for TuMV HC-Pro, its interaction with this viral 
protein was tested both in vitro and in vivo. 
 As mentioned above, since Arabidopsis is a target for 
TuMV, HC-Pro from this viral strain was used to investigate 
direct interaction with CML38 by overlay assay (Fischer et 
al., 1996). TuMV HC-Pro was generated as a recombinant GST 
fusion protein by expression in E.coli (Figure 3.41). 
Overlay assay of GST-tagged HC-Pro, and skeletal myosin 
light chain kinase (skMLCK, a calmodulin binding control) 
(Ikura et al., 1992) was done with biotinylated CML38 and 
VU1 CaM in the presence of calcium or EGTA (Figure 3.42). 
Gel overlay results showed that CML38 was able to bind HC-
Pro, albeit in calcium independent fashion (Figure 3.42) 
but showed no interaction with the Ca2+-CaM target, skMLCK. 
Conversely, CaM bound to skMLCK in a Ca2+-dependent manner, 
but showed no interaction with HC-Pro (Figure 3.42), 
suggesting specificity with respect to target protein 
interaction in the case of calmodulin and CML38.      
 To test whether CML38 and TuMV HC-Pro interact in 
planta, bimolecular fluorescence complementation (BiFC) 
experiments were performed (Kerppola, 2008).  This 
technique relies on the expression of two putative  
 





Figure 3.41: Purification of recombinant GST-tagged 
HC-Pro from E.coli. Protein purification was performed 
by glutathione sepharose chromatography. SDS-PAGE on a 
12.5% (w/v) polyacrylamide gel showing: Cell extract 
(CE), flow through (FL) and reduced glutathione elution 
fractions of GST-HCPro (78.5kDa). Lower bands around 
26kDa in all the effluents are of GST protein as 
degradation product. The position of protein molecular 
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Figure 3.42: HC-Pro interacts with CML38 in vitro.  
GST-tagged HC-Pro (GST-HC-Pro) and skeletal myosin light 
chain kinase (skMLCK) were resolved by SGS-PAGE and 
transferred to PVDF membranes and were analyzed by Overlay 
analysis with biotinylated CaM or CML38. Panel 1 shows a 
Coomassie blue stained gel. Panel 2-5 show the result of 
overlay analysis of blots incubated with: Panel 2, 
biotinylated-CML38 in 5 mM CaCl2; Panel 3, biotinylated 
CML38 in 5 mM EGTA; Panel 4, biotinylated-CaM in 5 mM 
CaCl2; Panel 5, biotinylated CaM in 5 mM EGTA  
 
      1                     2             3                    4             5            
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interacting proteins translationally fused to either an 
amino or carboxyl-terminal fragment of yellow fluorescent 
protein (YFP-N and YFP-C). Transient co-transfection of 
both the constructs results in convergence of the YFP 
fragments due to the interaction between test partners, 
therefore resulting in the reconstitution of functional YFP 
and a fluorescent signal (Figure 3.43). 
 BiFC constructs were constructed by cloning TuMV HC-
Pro as a translational fusion with the N-terminal fragment 
of YFP, and CML38 as a translational fusion with the C-
terminal fragment of YFP. As a negative control the 
Arabidopsis transcription factor HY5 fused to the YFP-N was 
used (Li et al., 2009) (Figure 3.44). Co-transformation of 
YFP-C:CML38 and YFP-N:HC-Pro constructs into twelve-day old 
Arabidopsis roots by particle bombardment resulted in the 
reconstitution of the YFP signal supporting an interaction 
between HC-Pro and CML38 (Figure 3.44). In contrast, co-
transformation of the negative control, YFP-N:HY5 with YFP-
C:CML38 showed no signal suggesting lack of interaction 
between HY5 and CML38 (Figure 3.44). These results support 
the proposal that HC-Pro is a binding target for CML38 in 
vivo. Taken together with the results of Foreman (2012) and  
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Figure 3.43: Bimolecular fluorescence complementation 
(BiFC) assay.  ORFs of potential interaction partners (A and 
B) are translationally fused with N-terminal (YFP-N) and C 
terminal (YFP-C) domains of yellow fluorescence protein.  YFP-
N and YFP-C have low affinity towards each other and do not 
form the functional YFP when expressed alone. However, when 
the potential interacting partners linked to YFP-N and YFP-C 
interact with each other, the N and C halves of YFP are 
brought in close proximity leading to reconstitution of fully 
functional YFP.  Thus, the presence of fluorescence because of 
reconstituted of YFP is considered as the positive interaction 
between potential interacting partners. 
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Figure 3.44: Interaction between HC-Pro and CML38 in 
planta measured by BiFC. Shown are the results of co-
transfection of the indicated BiFC constructs by particle 
bombardment of two week old Arabidopsis seedling roots. N 
and C-YFP, N-terminal and C-terminal yellow fluorescent 
protein halves; HC-Pro, Helper Component Proteinase; HY5, 
Hypocotyl 5; DIC, Differential interference contrast. A 
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Endres et al., (2010), this finding suggests that the 
effects of HC-Pro on virus induced gene silencing may be 
mediated by its interaction with CML38.
 





4.1. Arabidopsis CML38 is a core ANP gene 
 Calcium signaling responses in eukaryotes are mediated 
by calcium sensor proteins that contain specialized high 
affinity binding sites known as EF hands. The complexity of 
the calcium signaling network in Arabidopsis is apparent 
from the vast gene family encoding EF hand calcium sensor 
proteins including seven canonical calmodulins (CaM) and 
approximately fifty “calmodulin-like” proteins (CMLs) that 
have diverged from canonical CaMs, and which coordinate a 
wide variety of developmental and stress responses 
(McCormack and Braam, 2003; Bender and Snedden, 2013). For 
example, CML23 and CML24 participate in responses to both 
abiotic and biotic stresses, as well as in developmental 
programs such as the transition to flowering (Delk et al., 
2005; Ma et al., 2008). CML24  has also been implicated in 
ROS/RNS signaling (Tsai et al., 2007). CML39, which shares 
the highest sequence similarity with CML38 (Figure 3.1 and 
3.3) was recently found to be involved in the light signal 
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transduction that promote seedling establishment (Bender et 
al., 2013). Interestingly, earlier reports by Vanderbeld 
and Snedden (2007) had predicted the involvement of CML38 
in responses towards multiple stresses including drought, 
salinity and mechanical wounding. The results of the 
present study extend these observations to also include the 
low O2 stress response.  
The low O2 response to oxygen deprivation in plants 
involves strategies that are aimed at optimizing the 
economics of cellular energy by morphological and metabolic 
adaptations, as well as mitigating post-stress related 
complications arising from oxidative damage during 
reoxygenation. Fundamental to these responses is the re-
orientation of gene expression networks towards the 
targeted synthesis of a core set of anaerobic response 
proteins that mediate a wide variety of adaptive responses 
(Branco-Price et al., 2005; Mustroph et al., 2009; van 
Dongen et al., 2009; Mustroph et al., 2010). Numerous 
studies have provided evidence supporting the involvement 
of calcium signals in regulating responses to low O2 stress 
in plants (Subbaiah et al., 1994b; Dolferus et al., 1997; 
Peng et al., 2001; Kosmacz and Weits, 2014). Transcriptomic 
 
  170 
 
and Q-PCR analyses identify CML38 as the sole calcium 
sensor protein induced during anaerobic stress, suggesting 
that it is induced specifically as a target for calcium 
signals during the low O2 response.    
Q-PCR analyses show that CML38 transcripts rapidly 
accumulate (>300 fold) peaking at 6 hr post-hypoxia in the 
roots, and decline thereafter. This rapid and acute 
response may have evolved due to root areas being 
periodically challenged with low O2 stress conditions (Drew, 
1997; Ellis et al., 1999; Komatsui and Hossein, 2013). The 
pattern of acute accumulation of transcripts (in some cases 
as rapid as 30 min) followed by a gradual decline has also 
been observed with other members of the core ANP family 
(Dolferus et al., 1994a; Choi and Roberts, 2007; Mustroph 
et al., 2009; van Dongen et al., 2009; Mustroph et al., 
2010), and is predicted to be a part of an adaptive 
mechanism originating at the genetic level (Mustroph et 
al., 2010; Narsai and Whelan, 2013). During the course of a 
low O2 episode, a new homeostatic condition is established 
which redirects limited cellular energy resources towards 
essential processes and away from unnecessary metabolic 
expenditures such as secondary metabolism and unnecessary 
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lipid and protein biosynthesis (van Dongen et al., 2009). 
Consistent with this observation, Mustroph et al., 
(2009) showed that during the first 2 hr of hypoxia 
challenge in Arabidopsis seedlings, there is a reduction in 
mRNA associated with polysomes, particularly in roots, 
which is correlated with a severe decline in root ATP 
content (Mustroph et al., 2009). Further analyses of 
polysome-associated mRNA reveals a small set of 49 core 
transcripts (including CML38) that showed significant 
elevation in response to hypoxia, and which are actively 
translated into proteins. This core is also conserved in 
the translatomes of other plant species (Mustroph et al., 
2009; Mustroph et al., 2010), and argues for a conserved 
set of core ANPs that orchestrate the reconfiguration of 
metabolism and cellular processes in response to severe 
energy restriction under low O2 conditions (Mustroph et al., 
2009).   
4.2 Interplay of ethylene and ROS in hypoxia 
signaling 
Transcriptome analyses have indicated potential 
overlap between different biotic and abiotic stresses and 
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show that distinct environmental stresses can induce 
similar responses at the genetic level (Dolferus et al., 
1994a; Hahn et al., 2013). For example, Arabidopsis ADH1 is 
induced by low temperature, dehydration and wounding 
(Dolferus et al., 1994a; Dolferus et al., 1997);and the 
lactic acid channel NIP2;1 is induced by H2O2 treatments 
(Choi, 2009). Analysis of low O2 expression data for genes 
related to other abiotic stresses (e.g., heat stress) 
revealed the presence oxidative stress and ethylene 
signaling components (Peng et al., 2005; Blokhina et al., 
2014), which have been linked to the formation of 
aerenchyma in submerged tissue (Steffens et al., 2011b; 
Pucciariello et al., 2012). This overlap between stress-
mediated responses at the genetic level has been explained 
by the phenomenon called “cross-tolerance”, which is 
defined as a capability to limit collateral damage 
inflicted by other stresses accompanying the primary stress 
(Loredana F. Ciarmiello, 2011; Perez and Brown, 2014). 
In Arabidopsis, three pathways coordinately control 
the gene expression of ANPs during early stages of the 
hypoxia response (Figure 4.1): (1) an ethylene-dependent 
pathway, (2) an ethylene-independent/H2O2-dependent pathway,  
 




Figure 4.1: Model for the interplay between H2O2 and 
ethylene in regulating genetic responses to low O2 
stress. Regulation of the levels and activity of key 
transcription factors (e.g., ERF73/HRE1) in responses to 
anaerobic stress is mediated by three distinct pathways 
that: 1. Require both ethylene and H2O2; 2. Require only H2O2 
and; 3. Operate independent of ethylene or H2O2. Interplay 
exists between the transcription factors and may involve 
synergistic action among each other in regulating their 
levels and expression of anaerobic response genes (e.g., 
ADH1). Modified from Yang, 2014.(Yang, 2014b)  
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and (3) a pathway that requires neither ethylene or H2O2 
(Yang et al., 2011). All three pathways induce the 
transcript levels of Arabidopsis ethylene response factor 
73/Hypoxia response element binding protein 1 (ERF73/HRE1) 
(Yang, 2014a, b) which is implicated in mediating the 
expression of core ANPs such as ADH1 (Yang et al., 2011). 
Ethylene is a natural regulator of hypoxia given its low 
diffusion coefficient in aqueous media and its tendency to 
accumulate in waterlogged tissues (Sasidharan and Voesenek, 
2015). Previous studies by Yang (2014a, b) showed that 
accumulation of ethylene in turn leads to the increase in 
ROS levels (H2O2), which is further responsible for the 
induction of ADH1 through the action of ERF73/HRE1. A 
reduction in ROS levels by inhibition of NADPH oxidase 
reduced the abundance of ERF73/HRE1 and ADH1 mRNAs in both 
wild-type Arabidopsis and the ethylene-insensitive 
mutant ein2–5, suggesting the presence of an ethylene-
independent/H2O2 signaling during the hypoxia response 
(Pathway 2, Figure 4.1) (Yang et al., 2011). However, 
although repressed, the inhibition of ROS production and 
ethylene signaling did not eliminate hypoxia-
induced AtERF73/HRE1 and ADH1 expression levels. This 
finding suggests that H2O2 and ethylene signaling are 
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necessary, but not sufficient, for the control of 
downstream gene transcription during hypoxic stress 
(Pathway 3, Figure 4.1).  
Compared to wild type plants, CML38 transcript levels 
in ethylene signaling mutants (etr1-1, etr1-7 and ein2-1) 
showed lower basal expression as well as decreased 
accumulation in response to hypoxia. CML38 transcript 
levels were also rapidly elevated (within 30 minutes) by 
H2O2 treatment of wild type Arabidopsis seedlings under 
normoxic conditions, and show a decline in a manner similar 
to the hypoxic profile after this early peak. A similar 
trend was observed in the case of another core ANP, ADH1 
(Yang, 2014b), which argues that ethylene and ROS pathways 
might control CML38 expression through regulation of 
ERF73/HRE1. In addition, the fact that the recovery phase 
during reoxygenation leads to post-hypoxia injury due to 
oxidative stress (Blokhina and Fagerstedt, 2010), CML38 
elevation by ROS may suggest some level of preparation for 
responses towards ROS/RNS injury 
Previous work by Vanderbeld and Snedden (2007) with 
CML38 promoter::GUS fusion plants showed induction by 
number of stress responses including, drought, oxidative 
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stress, salinity and mechanical wounding. This observation 
supports the present findings and strengthens the existence 
of hypoxia-independent regulation of CML38 in modulating 
responses towards other abiotic stresses, which may involve 
a synergistic interaction with low O2 stress signaling. 
These regulatory mechanisms ultimately rely on the 
coordinated action of cis-acting motifs in the CML38 
promoter (Koziol, 2009) via upstream transcription factors 
that still remain unknown.  The identification of 
transcription factors responsible for CML38 up-regulation 
will help in clarifying the mechanisms and cross-regulation 
of this stress-induced gene by various abiotic stresses.  
4.3. mRNP mediated post-transcriptional gene 
regulation during low O2 stress 
In addition to the gene transcription strategies noted 
above, an additional key strategy to modulate gene 
expression in hypoxia-challenged plants is the regulation 
of mRNA translation and homeostasis. This is mediated in 
part by the formation of mRNP aggregates including stress 
granules (SGs) (Weber et al., 2008; Bailey-Serres et al., 
2009; Sorenson and Bailey-Serres, 2014; Gutierrez-Beltran 
et al., 2015) and processing bodies (PBs) (Weber et al., 
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2008; Maldonado-Bonilla, 2014; Gutierrez-Beltran et al., 
2015) that sequester and/or degrade mRNA.  CML38 co-
localizes with mRNP particles, including hypoxia-induced 
stress granules, in a calcium-dependent manner.  Given the 
previous demonstration of calcium signals in regulating 
hypoxia responses in plants (Subbaiah et al., 1994b; 
Dolferus et al., 1997; Peng et al., 2001), it is proposed 
that CML38 may serve as a target for calcium signals in the 
potential regulation of mRNP function during hypoxia. 
Stress granule (SG) are large aggregates (up to 4-5 µm 
diameter) of ribonuceloprotein complexes that have been 
reported in most eukaryotes, and form in response to 
conditions under which mRNA translation is impaired or 
restricted (Anderson and Kedersha, 2006; Bailey-Serres et 
al., 2009; Buchan and Parker, 2009; Gottschald et al., 
2010; Buchan, 2014) (Figure 4.2).  SG particles consist of 
mRNA bound in an arrested state as a pre-initiation (48S) 
complex comprised of small 40S ribosomal subunits, 
eukaryotic initiation factors (eIFs) and mRNA associated 
proteins like the poly-A binding protein (PABP) (Kedersha 
et al., 2002; Kimball et al., 2003).  Besides this core 
component, proteomic analyses of SGs revealed that these 
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Figure 4.2: mRNP mediated post-transcriptional gene 
regulation. mRNA biogenesis involves pre-mRNA processing, 
addition of 5’-cap, 3’-poly(A) tail and association with 
nuclear RNA binding proteins (RBPs). This complex is further 
processed by the exon junction complex (EJC) and bound by 
additional RBPs before export into the cytoplasm. After 
quality control checks, translation initiation is processed 
with the addition of eukaryotic initiation factors (eIF) and 
the 43S preinitiation complex resulting in the formation of 
polysome structures composed of several 43S initiation 
complexes working on the nascent transcript for protein 
synthesis. Unfavorable conditions such as hypoxia, trigger 
the formation of large mRNP aggregates called stress granules 
and processing bodies, which are associated with either mRNA 
sequestration or degradation respectively. Abbreviations: 
PABP, poly(A) binding protein; nCBP, nuclear cap-binding 
protein; UBP1,oligouridylate binding protein 1;RBP47, RNA-
binding protein 47; ISE2, increased size exclusion limit 2; 
XRN, exoribonuclease; DCP, decapping protein; VCS, Varicose; 
RH12, RNA helicase 12. Modified from (Sorenson and Bailey-
Serres, 2014; Browning and Bailey-Serres, 2015) 
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structures are complex with many additional RNA metabolic 
enzymes, chaperone proteins, and cell signaling components 
associated with the granule complex (Samanta et al., 1993; 
Isabelle et al., 2012; Sorenson and Bailey-Serres, 2014).  
Functionally, SGs are proposed to be in dynamic equilibrium 
with other mRNP particles such as P-bodies (involved in 
mRNA degradation) (Wilczynska et al., 2005; Maldonado-
Bonilla, 2014) and polysomes (involved in mRNA translation) 
(Browning and Bailey-Serres, 2015), and serve as “RNA 
triage” centers which sort transcripts for various cellular 
fates (Decker and Parker, 2012; Kedersha et al., 2013). 
The formation of SG complexes has become a hallmark of 
the response of plants to oxygen deprivation stress (Weber 
et al., 2008; Sorenson and Bailey-Serres, 2014).  
Translation-competent transcripts associated with polysomes 
decrease by up to 90% during hypoxia stress in Arabidopsis 
(Branco-Price et al., 2008), an event that is accompanied 
by the rapid generation of SGs which serve as sequestration 
sites for these mRNAs (Weber et al., 2008; Sorenson and 
Bailey-Serres, 2014) (Figure 4.2), presumably to reduce the 
energy cost of translation of nonessential gene products.  
Upon re-oxygenation, these transcripts are then released 
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from SGs as part of the recovery process (Weber et al., 
2008; Sorenson and Bailey-Serres, 2014).  
Several findings in the present study support the 
association of CML38 with hypoxia-induced SGs.  First, 
CML38 is expressed in a temporally controlled fashion in 
roots during hypoxia stress and becomes associated with 
cytosolic foci that correspond to the known size of SG 
particles (Anderson and Kedersha, 2009; Sorenson and 
Bailey-Serres, 2014).  Second, MS fingerprinting of 
immunoprecipitates of CML38 from hypoxic root samples 
reveals the presence of established SG-associated proteins 
including the poly A binding protein (Kedersha et al., 
2002; Kimball et al., 2003; Sorenson and Bailey-Serres, 
2014), eIF initiation factors (Li et al., 2010), RNA 
helicase (Sorenson, 2012), small ribosomal subunit proteins 
(Kedersha et al., 2002; Sorenson and Bailey-Serres, 2014) 
and others (Mazroui et al., 2007; Buchan et al., 2013; Yan 
et al., 2014; Gutierrez-Beltran et al., 2015).  Third, co-
expression of the core SG nucleating RNA binding protein 
RBP47 (Weber et al., 2008) with CML38 shows that under 
hypoxia conditions the two proteins co-localize to 
cytosolic granules as well as in the nucleus.    
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RBP47 is related to the TIA-1 protein of animals 
(Lorkovic et al., 2000) and contains both RNA binding 
motifs as well as prion-like sequences that are involved in 
SG assembly induced by hypoxia or heat stress (Weber et 
al., 2008).  The oligouridylate binding protein, UBP1C has 
been shown to play a similar role during hypoxia in 
Arabidopsis (Sorenson and Bailey-Serres, 2014).   
These proteins show both nuclear and cytoplasmic 
localization and are proposed to play a multifunctional 
role in SG assembly and mRNA recruitment in the cytosol as 
well as nuclear functions  including pre-mRNA processing, 
exon splicing and nucleocytoplasmic transport (Lambermon et 
al., 2000; Weber et al., 2008; Sorenson and Bailey-Serres, 
2014).  The dual localization of CML38 to both compartments 
suggests that this protein is also associated with RBP47 
mRNPs in both locations. Consistent with this finding, the 
Arabidopsis thaliana ortholog of the mammalian DEAD box 
helicase, eIF4A-III, the putative anchor protein of exon 
junction complex (Koroleva et al., 2009a; Koroleva et al., 
2009b) is among the CML38-interacting proteins detected by 
MS analysis (Table 3.2). In addition, CML38 
immunoprecipitates also detected proteins (small and large 
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ribosomal subunit proteins, TCH-1 chaperones, and the 26S 
proteasome regulatory subunit, Table 3.2) associated with 
the nuclear U3 snoRNA RNP complex (Samaha et al., 2010) 
which is involved in ribosome biogenesis, suggesting 
another potential function in RNA metabolism.  
As noted above, SGs are in dynamic equilibrium with 
mRNP processing bodies (PBs), and some proteins associate 
with both SGs and PBs (Pomeranz et al., 2010; Bogamuwa and 
Jang, 2013; Gutierrez-Beltran et al., 2015). Consistent 
with these findings, CML38 interactome analysis showed the 
presence of Tudor-Staphylococcal nuclease (SN) proteins 
(TSN1 and TSN2, Table 3.2). TSN proteins associate with 
both SGs and PBs under heat stress (Gutierrez-Beltran et 
al., 2015), an abiotic stress with overlapping responses 
with low O2 stress (Banti et al., 2010). These observations 
strengthen the argument that CML38 is a core component of 
both SG and PB mRNPs and may play a role in mRNA 
homeostasis during low O2 stress responses.     
Treatment of hypoxic tobacco mesophyll cells with 
ruthenium red, which perturbs the release of intracellular 
calcium stores, results in the rapid loss of CML38 signal 
associated with the cytosolic granules, and results in sole 
 
  183 
 
localization of CML38 to nuclear foci (Figure 3.25).  
Similar treatments showed no effect on the RBP47 
localization to cytosolic granules, suggesting that this 
treatment did not disrupt SGs but only CML38 association 
with these structures (Figure 3.26).  This observation 
suggests that the calcium sensor function of CML38 may be 
necessary for its translocation and assembly into 
cytoplasmic SGs and that in the absence of a calcium 
signal, preferential localization to the nucleus occurs, 
where it might be associating with the U3 snoRNP or exon 
junction complex components like eIF4A-III (Table 3.2). In 
support of this argument, under hypoxic conditions eIFA-III 
localizes in nuclear structures known as splicing speckles 
that are proposed to represent an area of mRNA processing 
in the nucleus during hypoxia (Koroleva et al., 2009a; 
Koroleva et al., 2009b). Overall, the results indicate that 
CML38 may be a component of three different nuclear and 
cytoplasmic mRNP structures under hypoxia, and suggest the 
potential existence of new classes of CML38-associated mRNP 
complexes which may have distinct molecular functions.  
Furthermore, the association and distribution between these 
structures may be mediated by calcium signaling. 
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The kinetics of CML38 appearance in cytosolic granules 
in Arabidopsis roots (4-8 hr after the induction of 
hypoxia) is slower than the assembly of stress granules 
which occurs within minutes after the establishment of 
hypoxia (Weber et al., 2008; Sorenson and Bailey-Serres, 
2014).  Overall, the data suggest that CML38 is not 
necessary for the formation of SG structures during the 
initial phases of hypoxia stress, but may function as a 
calcium sensor in SG function at a later stage of the 
response. A similar phenomenon observed in case of the 
Tudor-SN proteins, which are induced during heat stress 
long after the induction of SGs and PBs, and function in 
these structures late in the response (Gutierrez-Beltran et 
al., 2015). 
4.4. Why does loss of CML38 result in reduced 
survival during hypoxia stress? 
Loss-of-function mutations in mRNP granule components 
such as like Rbp47, DCP1, UBP1 and TSNs result in growth 
defects (Sorenson, 2012; Gutierrez-Beltran et al., 2015). 
In addition, survival experiments performed with mutants 
lacking core ANP genes such as pyruvate decarboxylase 
(PDC), alcohol dehydrogenase (ADH) and sucrose synthase 
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(SUS), show reduced survival to low O2 stress (Ismond et 
al., 2003; Kursteiner et al., 2003). Taken together, these 
findings illustrate the importance of the core components 
of the hypoxia stress tolerance response and the general 
importance of mRNP integrity.  
While the underlying molecular basis of the reduced 
survivability to anaerobic stress displayed by cml38 mutant 
plants is unclear, it is evident that CML38 is a critical 
part of the low O2 stress response, presumably through its 
regulation of mRNP particles. Disruption of other 
Arabidopsis SG and PB-associated proteins, such as the 
Tudor-SN (TSN) protein results in poor survival of plants 
to heat stress due to problems in maintaining the 
structural integrity of both the SGs and PBs (Gutierrez-
Beltran et al., 2015). Future investigation of the dynamics 
and structure of SGs and PBs in cml38 mutant plants during 
the course of hypoxia stress and reoxygenation recovery may 
provide leads regarding the molecular function of CML38 in 
mRNPs. More critically, the identification of mRNP protein 
targets that directly interact with, and which are 
modulated by, Ca2+-CML38 under hypoxia stress is an 
essential step. A list of potential interacting proteins is 
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available from MS analysis, and future analysis of the 
ability of these to interact directly with Ca2+-CML38 should 
provide a mechanistic link to the next step in its 
regulatory mechanism. Lastly, investigation of the global 
transcriptomic profile and RNAseq analysis of mRNPs of 
cml38 mutant versus wild type in normoxic and hypoxia-
stressed roots could prove advantageous for understanding 
the role of CML38 in regulating gene expression via SGs or 
PBs during the low O2 stress. This is particularly relevant 
considering the potential involvement of CML38 in 
regulation of gene silencing as discussed below.  
4.5. CML38 and the regulation of gene silencing  
To date, there is no evidence of calcium or 
calmodulin-related proteins in regulating mRNP particle 
function or dynamics in either plants or animals, and the 
functional role of CML38 in coordinating responses towards 
hypoxia is just starting to unfold.  However, potential 
leads to a function in the regulation of mRNA expression 
and posttranscriptional silencing come from the observation 
that CML38 is phylogenetically and structurally related to 
the “regulator of gene silencing” CaM protein from tobacco 
(Figure 3.1 and 3.30). rgsCaM was originally identified in 
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Nicotiana tabacum as an interacting protein of the 
potyviral helper component proteinase (HC-Pro) 
(Anandalakshmi et al., 2000).  HC-Pro suppresses the viral 
induced posttranscriptional gene silencing (VIGS) pathway 
of the host by interfering with siRNA-based silencing 
pathways (Figure 4.3) (Mallory et al., 2001). The 
expression of rgsCaM is induced by transfection of tobacco 
with HC-Pro (Anandalakshmi et al., 2000), and  
overexpression of rgsCaM can itself lead to suppression of 
posttranscriptional gene silencing (PTGS). Therefore, it 
has been proposed that rgsCaM functions as an endogenous 
regulator of PTGS, in addition to serving as a potential 
target for viral suppressors of VIGS such as HC-Pro 
(Anandalakshmi et al., 2000; Voinnet, 2005; Nakahara et 
al., 2012; Li et al., 2014).  
The present study, as well as observations in the 
laboratory of our collaborator Dr. Vicki Vance (University 
of South Carolina), support the proposal that CML38 may be 
a homolog of tobacco rgsCaM. First, the present results 
show that CML38 interacts with the Arabidopsis viral 
pathogen, Turnip mosaic virus (TuMV) HC-Pro both in vitro  
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Figure 4.3: HC-Pro and rgsCaM suppression of virus-
induced gene silencing. Double stranded RNA from the 
potyvirus-like Tobacco etch virus or Turnip mosaic virus is 
acted upon by Dicer-like enzymes (DCL), which cleave the 
dsRNA into small double strand silencing RNAs (siRNAs). A 
single strand of the ds siRNA is incorporated into a RNA 
induced silencing complex (RISC) and in complex with the 
target mRNA. This either targets the mRNA for degradation or 
results in cessation of translation. To overcome this 
silencing effect, Helper component proteinase (HC-Pro) 
interacts with endogenous regulator of silencing, rgsCaM [and 
perhaps other proteins and RNA targets as well (Silhavy and 
Burgyan, 2004; Wang et al., 2012)], to inactivate the RNA 
silencing pathway by an unknown mechanism predicted to block 
the production of siRNAs from DCLs. Tobacco rgsCaM homolog, 
Arabidopsis CML38 is also shown.  
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by gel overlay assay analysis as well as by BiFC in planta. 
Second, Arabidopsis CML38 has also been demonstrated to be 
induced by HC-Pro by the action of an ethylene response 
transcription factor, RAV2 and is proposed to be an 
ortholog of rgsCaM in Arabidopsis (Endres et al., 2010). 
Lastly, reduction of the expression of CML38 in Arabidopsis 
plants results in the reduction of HC-Pro mediated 
suppression of silencing and the accumulation of transgene-
derived siRNAs (ta-siRNA) (Foreman, 2012). ta-siRNAs are a 
sub-class of siRNAs that share close functional resemblance 
to the microRNAs (miRNAs) (Vazquez et al., 2004; Axtell et 
al., 2006). It is interesting to note that the ta-siRNA 
biogenesis pathway involves the processing enzyme, 
ARGONAUTE (AGO7)(Axtell et al., 2006), which was recently 
found to associate with heat stress-induced stress granules 
and which also colocalizes with UBP1 in the nucleus 
(Jouannet et al., 2012).  
With respect to the physical interaction of 
recombinant HC-Pro with CML38, gel overlay analysis shows a 
lack of calcium-dependence on their interaction. While this 
may be surprising considering the central calmodulin 
paradigm of “conformational change followed by target 
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binding and activation” (Kursula, 2014b), it is important 
to note that calcium-sensors including calmodulin possess a 
wide variety of mechanisms (both calcium dependent and 
independent) of protein target interaction and regulation 
(Chin and Means, 2000).  In some cases, calmodulin binds in 
a calcium independent manner to cellular protein targets 
(e.g., phosphorylase kinase), but does not activate these 
bound targets until calcium binds and triggers a 
conformation change (Chin and Means, 2000).  
Biochemical investigation of CML38 domains and 
putative calcium regulation via these domains are required 
for a more detailed understanding of the HC-Pro and CML38 
interaction and CML38-regulation of endogenous protein 
targets. As mentioned earlier, molecular modeling of CML38 
suggests a number of unusual features, including a 
calmodulin-like domain with one non-canonical EF hand and 
an amino terminal amphipathic domain containing a CDPK 
phosphorylation site. These features of the protein point 
to the possibility of calcium regulation at multiple 
levels, any one of which might be critical for its 
suppression of silencing function or localization to mRNP 
bodies. Biochemical analyses presented here indicates that 
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the CML38 calmodulin-like domain binds calcium in a similar 
fashion and changes conformation, but shows distinct 
properties from canonical calmodulin. Clearly, the 
mechanistic role of the CML38 domains and putative calcium 
regulation via those domains, in mediating CML38-regulation 
of RNA silencing and localization to mRNP bodies needs to 
be investigated in the future. 
4.6. Interplay between PTGS and mRNP functions of 
CML38 and related proteins 
A critical question moving forward is: what is the 
relationship between CML38/rgsCaM protein regulation of 
posttranscriptional gene silencing and its association with 
stress granules and other mRNPs during hypoxia stress? 
Several studies have shown that the RNA-induced silencing 
complex and siRNAs also accumulate in cytosolic mRNP 
particles (Caudy et al., 2003; Jakymiw et al., 2005; Liu et 
al., 2005b; Sen and Blau, 2005; Jouannet et al., 2012), and 
under stress conditions can also associate with SG markers 
in planta (Jakymiw et al., 2005; Liu et al., 2005b; Sen and 
Blau, 2005; Jouannet et al., 2012).  Besides their function 
in the targeting of mRNA for degradation, an alternative 
function in the regulation of translation of selected mRNAs 
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has also been ascribed to siRNA and miRNA in plants 
(Brodersen et al., 2008).  Whether CML38, similar to 
rgsCaM, possesses suppressor of PTGS function during the 
hypoxia response remains a topic for future study. In 
addition, the possibility of localization of CML38 into 
mRNP bodies during the HC-Pro infection and regulation of 
silencing needs to be tested (Figure 4.4).  One observation 
of interest from the present study is the finding that 
AtRLI2, a documented suppressor of gene silencing in 
Arabidopsis through the suppression of small interfering 
RNA production (Sarmiento et al., 2006), is among the CML38 
interacting proteins detected by MS analysis (Table 3.2).   
Phylogenetic evidence also suggests that CML38 and 
rgsCaM are part of a larger family of structurally related 
calcium sensor proteins (Figure 3.1). Structural features 
characteristic of this family are: 1. The presence of four 
EF-like calcium binding domain structures; 2. The common 
finding that EF hand III in these structures possesses 
substitutions predicted to disrupt calcium binding; and 3. 
the presence of a basic amphipathic extension amino 
terminal to the acidic EF calcium sensor domain, which is a 
potential target for calcium dependent phosphorylation. In  
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Figure 4.4: Potential model for CML38 function in 
responses towards low O2 stress and regulation of gene 
silencing.  
TuMV HC-Pro mediated up-regulation of CML38 transcript in 
Arabidopsis requires the presence of an ethylene response 
transcription factor (ERF), RAV2 (Endres et al., 2010). At 
some point of this signaling input, CML38 may associate with 
mRNP components of SGs or PBs, which may have assembled as 
an antiviral defense response to trap and/or degrade the 
viral RNA. At this point, HC-Pro may interact with CML38 and 
modulate its endogenous suppressor of silencing activity to 
release the sequestered viral RNA for successful viral 
replication and progress of infection. CML38 upregulation in 
response to hypoxia stress may either involve a yet unknown 
transcription factor or as mentioned above require RAV2, to 
coordinate the signaling mechanism of elevated ethylene 
levels during flooding conditions. CML38 associates with the 
mRNP components of SGs and/or PBs in a calcium dependent 
manner and possibly modulates their activity to suppress 
endogenous posttranscriptional gene silencing, which might 
be occurring during the flooding stress conditions to 
regulate translation of stress and non-stress related 
transcripts. This function may correlate with changes in 
gene expression during the hypoxia period, which may be 
critical for plat survival to hypoxia stress. The model 
highlights some common elements of two separate stress 
signaling inputs for utilizing CML38 endogenous suppression 
of silencing function that may occur via its localization to 
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Arabidopsis there are three additional genes associated 
with this rgsCaM-like clade (CML37, CML39 and 
CML41).Previous work shows that these Arabidopsis proteins, 
as well as orthologs in rice, are also regulated by 
different abiotic and biotic stresses (Xu et al., 2011; 
Bender and Snedden, 2013).  
It remains to be determined whether Arabidopsis 
rgsCaM-like proteins in general share some degree of 
similarity with respect to participation in mRNA silencing 
and association with mRNP particels. One observation of 
great interest in this respect is the finding that, CML39 
interacts with another viral suppressor of silencing, the 
AL2 suppressor of Tomato golden mosaic virus, and becomes 
localized within particles in the nucleus (Yong Chung et 
al., 2014). These structures are reminiscent of mRNP bodies 
found in the nucleus during stress responses (Weber et al., 
2008; Sorenson and Bailey-Serres, 2014). It remains to be 
verified if these nuclear structures are stress granules. 
More broadly, the investigation of other members of rgsCaM-
like family to determine whether these proteins share a 
common property of association with mRNP particles during 
abiotic or biotic stress responses is merited. 
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Appendix I: Mass spectrometic analysis of tryptic digests of
immunoprecipates from roots of hypoxic wild type and CML38-YFP
recombineering plants. These tables contain all identified proteins from mass
spectrometric analysis with their respective accession numbers, percentage
sequence coverage, distinct peptides, distinct matches, filtered spectra,
description and peptide sequences determined by the approach described in the
Materials and Methods. The data represent the results of three biological
replicates. Table A1 shows peptides identified from analysis of negative control
Wild Type Arabidopsis mock IP samples. Table A2 shows peptides identified from
analysis of CML38-YFP IP samples. Table A3 shows the predicted biological
function of unique CML38-YFP interacting proteins bsed on analysis by PANTHER
(Protein ANalysis THrough Evolutionary Relationships) Classification tool
version 9.0, using the Arabidopsis Information Resource (TAIR) 10 database
(http://arabidopsis.org/index.jsp). Table A4 shows the subset of CML38-YFP
interacting proteins propoed to be associated with RNP complexes and/or involved
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Spectra Description Peptide Sequences
AT3G04120.
1 19 1 45.3 27
AT3G04120
.1 18 20 309
| Symbols: GAPC, GAPC-1, GAPC1 | 
glyceraldehyde-3-phosphate 









1 19 1 42.6 19
AT1G13440
.1 16 18 248
| Symbols: GAPC-2, GAPC2 | 
glyceraldehyde-3-phosphate 








1 21 1 21.4 21
AT3G15950
.1 14 14 78
| Symbols: NAI2 | DNA topoisomerase-







1 7 1 18.1 5
AT4G13940
.1 10 11 88
| Symbols: HOG1, EMB1395, SAHH1, MEE58, 
ATSAHH1 | S-adenosyl-L-homocysteine 






1 17 1 17.8 15
AT5G09810
.1 7 8 24






0.2 17 2 20.7 16
AT3G18780
.2 7 7 28
| Symbols: ACT2, DER1, LSR2, ENL2 | 





1 19 1 19.7 28
AT1G79530
.1 7 7 41
| Symbols: GAPCP-1 | glyceraldehyde-3-






1 8 1 26.5 6
AT5G10360
.1 6 7 45
| Symbols: EMB3010, RPS6B | Ribosomal 





1 3 1 19.3 25
AT5G39740
.1 6 6 20
| Symbols: OLI7, RPL5B | ribosomal 





1 24 1 13.3 26
AT4G34200
.1 6 8 39
| Symbols: EDA9 | D-3-phosphoglycerate 








60390.1 41 4 14.7 46
AT5G60390
.1 6 7 58
| Symbols:  | GTP binding Elongation 





Table A1 Wild Type IP
244








Spectra Description Peptide Sequences
AT3G09840.
1 9 1 7.2 7
AT3G09840
.1 5 5 26
| Symbols: CDC48, ATCDC48, CDC48A | 






0.1 12 2 13.2 10
AT3G05530
.1 5 5 47
| Symbols: RPT5A, ATS6A.2 | regulatory 





1 14 1 11.3 12
AT5G02870
.1 5 5 38
| Symbols:  | Ribosomal protein L4/L1 






0.1 12 2 15.8 18
AT5G43010
.1 5 5 18
| Symbols: RPT4A | regulatory particle 





3 28 1 19.2 32
AT1G07890
.3 5 6 53
| Symbols: APX1, MEE6, CS1, ATAPX1, 





1 30 1 13.8 33
AT2G36880
.1 5 5 22
| Symbols: MAT3 | methionine 





1 30 1 15.0 36
AT3G17390
.1 5 5 20
| Symbols: MTO3, SAMS3, MAT4 | S-
adenosylmethionine synthetase family 





1 39 1 10.6 44
AT5G02500
.1 5 5 24
| Symbols: HSC70-1, HSP70-1, AT-HSC70-
1, HSC70 | heat shock cognate protein 





1 29 1 13.3 47
AT5G41670
.1 5 5 32
| Symbols:  | 6-phosphogluconate 









39320.1 5 4 7.1 3
AT5G39320
.1 4 4 26
| Symbols:  | UDP-glucose 6-




1 22 1 23.6 22
AT2G34480
.1 4 4 17
| Symbols:  | Ribosomal protein 
L18ae/LX family protein | chr2:14532916-
14534161 REVERSE LENGTH=178 MKLWATNEVR,ALPTEKDVQPK,TTYKANKPNLFM,FHQYQVVGR
AT2G47610.
1 2 1 19.8 24
AT2G47610
.1 4 4 14
| Symbols:  | Ribosomal protein 




1 26 1 8.6 30
AT1G24510
.1 4 4 14
| Symbols:  | TCP-1/cpn60 chaperonin 
family protein | chr1:8685504-8688101 
REVERSE LENGTH=535 LRGIDAQKANIAAGK,VAVEHLER,DVNLDLIKVEGK,AVLAVADLERR
Table A1 Wild Type IP cont.
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Spectra Description Peptide Sequences
AT5G62690.
1,AT5G6270
0.1 31 2 11.1 34
AT5G62700
.1 4 4 28
| Symbols: TUB3 | tubulin beta chain 3 
| chr5:25184501-25186426 FORWARD 
LENGTH=450 INVYYNEASCGR,STVCDIPPTGLK,AVLMDLEPGTMDSLR,FPGQLNSDLRK
AT1G24180.
1 33 1 9.2 37
AT1G24180
.1 4 4 22
| Symbols: IAR4 | Thiamin diphosphate-
binding fold (THDP-binding) superfamily 
protein | chr1:8560777-8563382 REVERSE 
LENGTH=393 KEVDDAVAQAK,MEIAADSLYKAK,RMEIAADSLYK,KLLLTHDIATEK
AT1G35160.
2 34 1 12.5 38
AT1G35160
.2 4 5 30
| Symbols: GF14 PHI | GF14 protein phi 
chain | chr1:12867264-12868514 FORWARD 
LENGTH=295 AVDKDELTVEER,VAEAVDKDELTVEER,YEEMVEFMEK,KDAAEHTLTAYK
AT4G09000.
2 34 1 11.6 39
AT4G09000
.2 4 4 22
| Symbols: GRF1, GF14 CHI | general 
regulatory factor 1 | chr4:5775387-
5777157 FORWARD LENGTH=318 AVDKDELTVEER,VAKAVDKDELTVEER,YEEMVEFMEK,KDAAEHTLTAYK
AT5G20890.
1 36 1 9.3 41
AT5G20890
.1 4 4 25
| Symbols:  | TCP-1/cpn60 chaperonin 




0.2 37 2 7.6 42
AT5G56030
.2 4 5 20
| Symbols: HSP81-2 | heat shock protein 





1 40 1 5.3 45
AT1G56070
.1 4 4 17
| Symbols: LOS1 | Ribosomal protein 
S5/Elongation factor G/III/V family 
protein | chr1:20968245-20971077 
REVERSE LENGTH=843 PMEEGLAEAIDDGR,VIYASQITAKPR,VKFTADELRR,IMDYKHNIR
AT3G14990.
1 42 1 8.7 48
AT3G14990
.1 4 4 20
| Symbols:  | Class I glutamine 
amidotransferase-like superfamily 
protein | chr3:5047510-5049621 FORWARD 
LENGTH=392 KATGYPVFMEK,ALQLGKATLV,EKALQLGKATLV,KATTHPVVSDK
AT3G02360.
2 1 1 7.6 1
AT3G02360
.2 3 3 12
| Symbols:  | 6-phosphogluconate 
dehydrogenase family protein | 
chr3:482498-483958 FORWARD LENGTH=486 ERLPANLVQAQR,AGGFGDILTDQKVDKK,FLSGLKDER
AT3G09500.
1 4 1 34.1 2
AT3G09500
.1 3 3 16
| Symbols:  | Ribosomal L29 family 
protein  | chr3:2917047-2917895 FORWARD 
LENGTH=123 SKSDLQNQLKELK,VAKVTGGAPNKLSK,KSIAQVLTVSSQKQK
AT3G49010.
1 6 1 15.0 4
AT3G49010
.1 3 3 21
| Symbols: ATBBC1, BBC1, RSU2 | breast 
basic conserved 1 | chr3:18166971-
18168047 REVERSE LENGTH=206 SFKAFDKIR,TGKGFTLEELK,SLEGLQTNVQR
AT5G65020.
1 10 1 11.0 8
AT5G65020
.1 3 3 11




1 11 1 7.0 9
AT4G02930
.1 3 3 24
| Symbols:  | GTP binding Elongation 
factor Tu family protein | chr4:1295751-
1298354 REVERSE LENGTH=454 AIAFDEIDKAPEEK,GSALSALQGTNDEIGR,AIAFDEIDKAPEEKKR
Table A1 Wild Type IP cont.
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Spectra Description Peptide Sequences
AT3G63460.
1 13 1 3.9 11
AT3G63460
.1 3 3 12
| Symbols:  | transducin family protein 






1 15 1 21.9 13
AT4G39260
.1 3 3 19
| Symbols: CCR1, ATGRP8, GR-RBP8, GRP8 
| cold, circadian rhythm, and RNA 




0.1 16 2 21.1 14
AT3G53430
.1 3 3 12
| Symbols:  | Ribosomal protein L11 
family protein | chr3:19809895-19810395 
REVERSE LENGTH=166 IGPLGLAPK,SIAKELSGTVR,VTGGEVGAASSLAPK
AT5G43780.
1 18 1 6.8 17
AT5G43780
.1 3 3 14
| Symbols: APS4 | Pseudouridine 
synthase/archaeosine transglycosylase-
like family protein | chr5:17589631-
17591480 REVERSE LENGTH=469 SQDFLFISGTK,VAAYDKTQGK,GLPYAEEAITK
AT2G39800.
1 20 1 4.9 20
AT2G39800
.1 3 3 11
| Symbols: P5CS1, ATP5CS | delta1-




1 23 1 11.5 23
AT3G04840
.1 3 3 13
| Symbols:  | Ribosomal protein S3Ae | 
chr3:1329751-1331418 FORWARD LENGTH=262 EASSCDLKDLVAK,IASEGLKHR,APSIFTHR
AT1G33120.
1,AT1G3314
0.1 25 2 16.5 29
AT1G33140
.1 3 3 22
| Symbols: PGY2 | Ribosomal protein L6 




0.1 27 2 24.3 31
AT3G55750
.1 3 3 17
| Symbols:  | Ribosomal protein L35Ae 
family protein | chr3:20698641-20699553 
FORWARD LENGTH=111 SKFTSNLPPK,VTRPHGNSGVVR,SKFTSNLPPKSMGAR
AT1G66200.
3 32 1 7.4 35
AT1G66200
.3 3 3 21
| Symbols: GSR2, GLN1;2 | glutamine 
synthase clone F11 | chr1:24655520-
24657520 REVERSE LENGTH=365 HKEHISAYGEGNER,SMREEGGYEIIK,SMREEGGYEIIKK
AT3G23990.
1 35 1 6.4 40
AT3G23990
.1 3 3 9
| Symbols: HSP60, HSP60-3B | heat shock 





960.2 38 3 11.6 43
AT4G14960
.2 3 3 18
| Symbols: TUA6 | Tubulin/FtsZ family 
protein | chr4:8548769-8550319 REVERSE 
LENGTH=450 DVNAAVGTIKTKR,IDHKFDLMYAK,EDLAALEKDYEEVGAEGGDDEDDEGEEY
Table A1 Wild Type IP cont.
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Spectra Description Peptide Sequences
AT3G04120.
1 9 1 78.7 24
AT3G0412
0.1 36 53 2564
| Symbols: GAPC, GAPC-1, GAPC1 | glyceraldehyde-3-













1 9 1 78.7 25
AT1G1344
0.1 36 54 2326
| Symbols: GAPC-2, GAPC2 | glyceraldehyde-3-













1 69 1 50.1 77
AT5G0250
0.1 31 39 206
| Symbols: HSC70-1, HSP70-1, AT-HSC70-1, HSC70 | 












1 9 1 44.7 201
AT3G1595
0.1 26 32 313











1 9 1 30.2 173
AT5G5601
0.1 23 28 215
| Symbols: HSP81-3, Hsp81.3, AtHsp90-3, AtHsp90.3 
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60390.1 9 4 39.0 85
AT5G6039
0.1 21 35 551
| Symbols:  | GTP binding Elongation factor Tu 










0.2 11 2 38.2 160
AT3G1878
0.2 18 24 264








1 156 1 40.2 214
AT4G1394
0.1 18 26 469
| Symbols: HOG1, EMB1395, SAHH1, MEE58, ATSAHH1 | 








1 9 1 42.7 8
AT1G7953
0.1 17 22 375
| Symbols: GAPCP-1 | glyceraldehyde-3-phosphate 








2 27 1 39.1 67
AT3G0236
0.2 17 18 101
| Symbols:  | 6-phosphogluconate dehydrogenase 








1 69 1 35.9 78
AT3G0944
0.1 17 20 110
| Symbols:  | Heat shock protein 70 (Hsp 70) 








1 9 1 30.8 123
AT4G3420
0.1 17 20 361
| Symbols: EDA9 | D-3-phosphoglycerate 







1 50 1 24.6 140
AT3G0984
0.1 16 17 104
| Symbols: CDC48, ATCDC48, CDC48A | cell division 
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Spectra Description Peptide Sequences
AT5G09810.
1 11 1 34.7 161
AT5G0981
0.1 16 24 359







1 48 1 20.5 202
AT1G5607
0.1 16 19 121
| Symbols: LOS1 | Ribosomal protein S5/Elongation 








1 27 1 36.3 68
AT5G4167
0.1 15 17 109
| Symbols:  | 6-phosphogluconate dehydrogenase 







1 121 1 43.1 207
AT3G0963
0.1 15 16 174







1 121 1 47.2 208
AT5G0287
0.1 15 15 144







1 9 1 37.0 104
AT3G1183
0.1 14 18 121
| Symbols:  | TCP-1/cpn60 chaperonin family 






3 9 1 60.4 240
AT1G0789
0.3 14 25 697
| Symbols: APX1, MEE6, CS1, ATAPX1, ATAPX01 | 







1 72 1 44.2 81
AT5G2089
0.1 13 16 102
| Symbols:  | TCP-1/cpn60 chaperonin family 






1 96 1 21.4 114
AT5G5787
0.1 13 15 62
| Symbols: eIFiso4G1 | MIF4G domain-containing 
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Spectra Description Peptide Sequences
AT4G14960.
2 120 1 41.8 186
AT4G1496
0.2 13 17 316







1 17 1 28.4 224
AT5G4434
0.1 13 17 108






1 9 1 21.1 57
AT1G7857
0.1 12 14 77
| Symbols: RHM1, ROL1, ATRHM1 | rhamnose 






1 53 1 28.0 59
AT5G5650
0.1 12 12 45
| Symbols:  | TCP-1/cpn60 chaperonin family 







1 60 1 35.0 64
AT1G5375
0.1 12 16 110
| Symbols: RPT1A | regulatory particle triple-A 





1 9 1 32.8 115
AT2G3688
0.1 12 16 112
| Symbols: MAT3 | methionine adenosyltransferase 





1 59 1 28.8 122
AT3G2399
0.1 12 13 45
| Symbols: HSP60, HSP60-3B | heat shock protein 





1 9 1 37.7 206
AT4G0185
0.1 12 16 230
| Symbols: SAM-2, MAT2, SAM2, AtSAM2 | S-






1 17 1 28.5 223
AT5G2386
0.1 12 15 99






1 15 1 24.2 245
AT1G1200
0.1 12 13 65
| Symbols:  | Phosphofructokinase family protein 
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Spectra Description Peptide Sequences
AT5G19770.
1,AT5G1978
0.1 120 2 37.3 251
AT5G1978
0.1 12 14 261







1 105 1 16.3 256
AT3G1494
0.1 12 14 138
| Symbols: ATPPC3, PPC3 | phosphoenolpyruvate 







1 47 1 31.6 51
AT5G1607
0.1 11 13 61
| Symbols:  | TCP-1/cpn60 chaperonin family 





1 47 1 31.6 52
AT3G0253
0.1 11 13 61
| Symbols:  | TCP-1/cpn60 chaperonin family 





1 9 1 37.2 65
AT1G6300
0.1 11 13 87







1 9 1 34.2 74
AT3G1499
0.1 11 15 194
| Symbols:  | Class I glutamine amidotransferase-






1 9 1 24.0 141
AT2G2335
0.1 11 12 65
| Symbols: PAB4, PABP4 | poly(A) binding protein 






1 152 1 16.7 203
AT2G3980
0.1 11 12 53
| Symbols: P5CS1, ATP5CS | delta1-pyrroline-5-






1 9 1 27.0 205
AT3G1739
0.1 11 13 234
| Symbols: MTO3, SAMS3, MAT4 | S-






1 69 1 16.9 247
AT5G4202
0.1 11 12 49
| Symbols: BIP, BIP2 | Heat shock protein 70 (Hsp 
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Spectra Description Peptide Sequences
AT5G28540.
1 69 1 16.9 248
AT5G2854
0.1 11 12 46
| Symbols: BIP1 | heat shock protein 70 (Hsp 70) 






1 17 1 20.9 17
AT5G1225
0.1 10 11 60






1 30 1 58.3 34
AT3G1702
0.1 10 14 73
| Symbols:  | Adenine nucleotide alpha hydrolases-






1 140 1 24.9 189
AT1G2418
0.1 10 13 77
| Symbols: IAR4 | Thiamin diphosphate-binding 






1 16 1 17.8 16
AT3G5851
0.1 9 9 37
| Symbols:  | DEA(D/H)-box RNA helicase family 






1 18 1 42.3 18
AT5G3553
0.1 9 10 61
| Symbols:  | Ribosomal protein S3 family protein 





1 24 1 43.0 27
AT3G6287
0.1 9 10 52
| Symbols:  | Ribosomal protein 





1 24 1 38.5 30
AT2G4761
0.1 9 10 50
| Symbols:  | Ribosomal protein 





1 100 1 44.7 119
AT3G5293
0.1 9 9 79






1 9 1 56.2 128
AT4G3926
0.1 9 9 82
| Symbols: CCR1, ATGRP8, GR-RBP8, GRP8 | cold, 
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Spectra Description Peptide Sequences
AT3G05530.
1 118 1 26.2 149
AT3G0553
0.1 9 14 140
| Symbols: RPT5A, ATS6A.2 | regulatory particle 






1 126 1 26.0 163
AT4G0293
0.1 9 11 55
| Symbols:  | GTP binding Elongation factor Tu 






1 56 1 19.6 185
AT3G2936
0.1 9 10 45
| Symbols:  | UDP-glucose 6-dehydrogenase family 






1 56 1 20.8 188
AT5G3932
0.1 9 10 56
| Symbols:  | UDP-glucose 6-dehydrogenase family 






1 152 1 15.7 204
AT3G5561
0.1 9 9 37
| Symbols: P5CS2 | delta 1-pyrroline-5-






1 157 1 23.9 215
AT5G6368
0.1 9 9 49






2 137 1 24.3 233
AT3G1392
0.2 9 14 198
| Symbols: EIF4A1, RH4, TIF4A1 | eukaryotic 







0.1 22 2 32.4 23
AT5G0296
0.1 8 8 61
| Symbols:  | Ribosomal protein S12/S23 family 




1 37 1 38.3 40
AT3G4901
0.1 8 9 87
| Symbols: ATBBC1, BBC1, RSU2 | breast basic 






1 35 1 10.8 107
AT5G1792
0.1 8 8 39
| Symbols: ATCIMS, ATMETS, ATMS1 | Cobalamin-
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Spectra Description Peptide Sequences
AT1G79920.
1,AT1G7993
0.1 98 2 15.6 117
AT1G7993
0.1 8 8 36






1 9 1 27.3 125
AT3G4752
0.1 8 10 75






1 9 1 22.9 142
AT5G5085
0.1 8 11 98






1 9 1 40.7 162
AT3G6253
0.1 8 8 39





2 127 1 28.0 166
AT4G0900
0.2 8 12 222
| Symbols: GRF1, GF14 CHI | general regulatory 







690.1 9 3 20.5 172
AT5G0869
0.1 8 9 42
| Symbols:  | ATP synthase alpha/beta family 




1 98 1 15.3 174
AT2G3804
0.1 8 8 29
| Symbols: CAC3 | acetyl Co-enzyme a carboxylase 





1 150 1 27.1 197
AT1G4500
0.1 8 11 60






0.1 154 2 26.9 210
AT4G2904
0.1 8 11 89
| Symbols: RPT2a | regulatory particle AAA-ATPase 




1 117 1 24.1 228
AT1G2241
0.1 8 8 46
| Symbols:  | Class-II DAHP synthetase family 
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Spectra Description Peptide Sequences
AT1G57660.
1,AT1G5786
0.1 25 2 34.8 28
AT1G5786
0.1 7 8 39
| Symbols:  | Translation protein SH3-like family 





1 40 1 25.5 42
AT2G3653
0.1 7 9 37





1 27 1 57.3 55
AT2G3616
0.1 7 11 199
| Symbols:  | Ribosomal protein S11 family 





2 54 1 31.5 60
AT2G3447
0.2 7 9 69
| Symbols: UREG, PSKF109 | urease accessory 





2 58 1 11.5 63
AT5G0735
0.2 7 7 35
| Symbols: Tudor1, AtTudor1, TSN1 | TUDOR-SN 





1 65 1 40.5 72
AT5G2029
0.1 7 8 49
| Symbols:  | Ribosomal protein S8e family 




1 9 1 50.0 121
AT2G2166
0.1 7 8 107
| Symbols: ATGRP7, CCR2, GR-RBP7, GRP7 | cold, 





1 114 1 26.4 139
AT2G3315
0.1 7 8 38
| Symbols: PKT3, PED1, KAT2 | peroxisomal 3-






1 9 1 47.5 145
AT5G4298
0.1 7 7 66
| Symbols: ATTRX3, ATH3, ATTRXH3, TRXH3, TRX3 | 
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Spectra Description Peptide Sequences
AT4G20360.
1 123 1 20.2 154
AT4G2036
0.1 7 7 41
| Symbols: ATRAB8D, ATRABE1B, RABE1b | RAB GTPase 





1 27 1 57.3 200
AT3G1151
0.1 7 10 194
| Symbols:  | Ribosomal protein S11 family 




1 157 1 16.7 216
AT5G5635
0.1 7 8 56





1 149 1 32.1 217
AT3G0484
0.1 7 7 28





1 69 1 26.3 221
AT2G4184
0.1 7 8 44
| Symbols:  | Ribosomal protein S5 family protein 




1 164 1 23.7 230
AT2G3658
0.1 7 8 64





1 166 1 17.1 232
AT3G1393
0.1 7 8 52
| Symbols:  | Dihydrolipoamide acetyltransferase, 





1 177 1 35.7 255
AT2G4406
0.1 7 7 52
| Symbols:  | Late embryogenesis abundant 







400.1 3 3 57.9 3
AT3G0440
0.1 6 13 71
| Symbols: emb2171 | Ribosomal protein L14p/L23e 





1 28 1 14.9 31
AT3G0396
0.1 6 8 30
| Symbols:  | TCP-1/cpn60 chaperonin family 
protein | chr3:1024432-1027604 FORWARD LENGTH=549
HLSGLDEAVIK,NIEACKELSTITR,IVPGAAATEIELAQR,AVEILEQLVETGSETMDVR,MGLH
PSEIISGYTK,YAESFEFVPK
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Spectra Description Peptide Sequences
AT3G20050.
1 29 1 16.5 33
AT3G2005
0.1 6 7 26
| Symbols: ATTCP-1, TCP-1 | T-complex protein 1 





1 32 1 37.2 36
AT2G0125
0.1 6 6 32
| Symbols:  | Ribosomal protein L30/L7 family 




1 5 1 43.7 43
AT1G6962
0.1 6 6 45





1 46 1 27.0 50
AT4G1115
0.1 6 6 33
| Symbols: TUF, emb2448, TUFF, VHA-E1 | vacuolar 





1 61 1 18.3 66
AT5G6572
0.1 6 7 39
| Symbols: ATNIFS1, NIFS1, NFS1, ATNFS1 | 





1 70 1 19.3 79
AT3G3298
0.1 6 6 41





1 105 1 28.5 130
AT1G7085
0.1 6 8 72






0.1 9 2 24.1 147
AT5G2000
0.1 6 9 71





1 127 1 28.2 164
AT5G3848
0.1 6 9 176
| Symbols: GRF3, RCI1 | general regulatory factor 




1 127 1 30.1 165
AT1G7830
0.1 6 10 177
| Symbols: GRF2, 14-3-3OMEGA, GF14 OMEGA | 
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Spectra Description Peptide Sequences
AT5G50920.
1 137 1 6.2 179
AT5G5092
0.1 6 6 29
| Symbols: CLPC, ATHSP93-V, HSP93-V, DCA1, CLPC1 





1 137 1 6.5 180
AT3G4887
0.1 6 6 28
| Symbols: ATCLPC, ATHSP93-III, HSP93-III | Clp 





3 139 1 14.9 182
AT5G4629
0.3 6 7 45
| Symbols: KASI | 3-ketoacyl-acyl carrier protein 





1 39 1 24.6 190
AT5G3974
0.1 6 6 23





1 9 1 18.5 211
AT1G2451
0.1 6 7 39
| Symbols:  | TCP-1/cpn60 chaperonin family 




1 127 1 27.9 238
AT2G1802
0.1 6 7 55
| Symbols: EMB2296 | Ribosomal protein L2 family 





0.1 9 2 29.9 246
AT1G3314
0.1 6 8 266





1 172 1 10.8 249
AT1G1029
0.1 6 6 18







865.1 12 3 60.7 11
AT4G3386
5.1 5 5 38
| Symbols:  | Ribosomal protein S14p/S29e family 
protein | chr4:16233395-16234114 REVERSE 
LENGTH=56 SNAKEIGFIKYR,VCGNSHGLIRK,GHSNVWNSHPK,VCGNSHGLIR,SNAKEIGFIK
AT3G11940.
1 9 1 24.2 13
AT3G1194
0.1 5 6 30
| Symbols: ATRPS5A, AML1, RPS5A | ribosomal 
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Spectra Description Peptide Sequences
AT2G37270.
1 9 1 24.2 14
AT2G3727
0.1 5 6 30
| Symbols: ATRPS5B, RPS5B | ribosomal protein 5B 




1 21 1 12.6 22
AT1G4317
0.1 5 5 28
| Symbols: ARP1, emb2207, RPL3A, RP1 | ribosomal 
protein 1 | chr1:16266992-16268631 FORWARD 
LENGTH=389 LALEEIKLK,HGSLGFLPR,VLAHTQIR,AGMTHIVR,SLNTVWAQHLSEEVR
AT5G37600.
1 36 1 18.3 39
AT5G3760
0.1 5 7 25
| Symbols: ATGSR1, GLN1;1, GSR 1, ATGLN1;1 | 








04800.1 38 4 24.2 41
AT5G0480
0.1 5 5 36
| Symbols:  | Ribosomal S17 family protein | 
chr5:1389217-1389642 FORWARD LENGTH=141 ILEEVAIIPSKR,NKIAGFSTHLMK,MTLDFHTNKK,KILEEVAIIPSKR,ILEEVAIIPSK
AT3G56190.
1 64 1 24.6 71
AT3G5619
0.1 5 5 19
| Symbols: ALPHA-SNAP2, ASNAP | alpha-soluble NSF 





1 73 1 11.6 82
AT3G0926
0.1 5 6 36
| Symbols: PYK10, PSR3.1, BGLU23, LEB | Glycosyl 
hydrolase superfamily protein | chr3:2840657-
2843730 REVERSE LENGTH=524 YKEDIQLMK,CNNDNGDVAVDFFHR,NAQNYAIGSKPLTAALNVYSR,CSSYVNAK,NLNTDAFR
AT1G50200.
1 76 1 6.5 86
AT1G5020
0.1 5 5 23





1 79 1 46.0 90
AT3G0556
0.1 5 6 56





1 79 1 46.0 91
AT5G2777
0.1 5 6 56





1 11 1 34.1 93
AT3G0950
0.1 5 5 24
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Spectra Description Peptide Sequences
AT3G19760.
1 83 1 13.2 96
AT3G1976
0.1 5 6 18
| Symbols: EIF4A-III | eukaryotic initiation 





1 9 1 16.2 98
AT1G5328
0.1 5 5 36
| Symbols:  | Class I glutamine amidotransferase-





1 91 1 26.9 108
AT1G6743
0.1 5 5 42
| Symbols:  | Ribosomal protein L22p/L17e family 





1 9 1 30.6 113
AT5G1086
0.1 5 8 60
| Symbols:  | Cystathionine beta-synthase (CBS) 





1 101 1 17.2 124
AT5G5829
0.1 5 6 140
| Symbols: RPT3 | regulatory particle triple-A 





1 107 1 29.1 132
AT3G2483
0.1 5 5 26
| Symbols:  | Ribosomal protein L13 family 
protein | chr3:9064613-9065871 FORWARD LENGTH=206 ELLNGQSVVVVR,CEEICLSGGLVR,LGSQLDVLASIKY,LKVFEGVPPPYDK,VSGSGICSKR
AT1G77940.
1 113 1 48.2 138
AT1G7794
0.1 5 6 26
| Symbols:  | Ribosomal protein 





1 9 1 11.2 146
AT3G4411
0.1 5 6 26





1 117 1 10.1 148
AT4G3998
0.1 5 5 30
| Symbols: DHS1 | 3-deoxy-D-arabino-heptulosonate 






0.1 122 2 33.1 153
AT3G5343
0.1 5 5 47
| Symbols:  | Ribosomal protein L11 family 
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Spectra Description Peptide Sequences
AT3G08530.
1,AT3G1113
0.1 9 2 3.7 156
AT3G1113
0.1 5 6 26





1 129 1 22.7 167
AT5G6502
0.1 5 5 17





1 130 1 20.5 169
AT1G3572
0.1 5 6 34





1 133 1 14.2 175
AT3G1819
0.1 5 6 21
| Symbols:  | TCP-1/cpn60 chaperonin family 




1 134 1 40.0 176
AT5G1613
0.1 5 5 22
| Symbols:  | Ribosomal protein S7e family 




1 138 1 33.8 181
AT3G5399
0.1 5 8 45
| Symbols:  | Adenine nucleotide alpha hydrolases-





1 145 1 28.8 193
AT1G4883
0.1 5 5 20
| Symbols:  | Ribosomal protein S7e family 





1 128 1 33.3 199
AT2G2753
0.1 5 5 32
| Symbols: PGY1 | Ribosomal protein L1p/L10e 





1 155 1 32.6 212
AT2G3448
0.1 5 5 22
| Symbols:  | Ribosomal protein L18ae/LX family 
protein | chr2:14532916-14534161 REVERSE 
LENGTH=178 ALPTEKDVQPK,DTTLNGAVEQMYTEMASR,FHQYQVVGR,VRFPCIQIIK,MKLWATNEVR
AT3G53020.
1 120 1 30.1 213
AT3G5302
0.1 5 5 26
| Symbols: STV1, RPL24B, RPL24 | Ribosomal 
protein L24e family protein | chr3:19660749-
19661912 REVERSE LENGTH=163 SIVGATLEVIQK,SDSQVFLFLNSK,FSGQKIYPGR,ANFPKAAAASKGPK,SIVGATLEVIQKK
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Spectra Description Peptide Sequences
AT4G31700.
1 158 1 29.2 218
AT4G3170
0.1 5 7 42





1 158 1 29.3 219
AT5G1036
0.1 5 7 50
| Symbols: EMB3010, RPS6B | Ribosomal protein S6e 




1 91 1 26.7 220
AT1G2740
0.1 5 5 38
| Symbols:  | Ribosomal protein L22p/L17e family 




1 163 1 10.4 229
AT4G3445
0.1 5 6 30
| Symbols:  | coatomer gamma-2 subunit, putative 
/ gamma-2 coat protein, putative / gamma-2 COP, 





1 169 1 14.2 239
AT4G3526
0.1 5 8 57
| Symbols: IDH1, IDH-I | isocitrate dehydrogenase 




1 58 1 7.9 242
AT5G6178
0.1 5 7 40
| Symbols: Tudor2, AtTudor2, TSN2 | TUDOR-SN 







420.1 176 3 23.3 254
AT5G5842
0.1 5 5 39
| Symbols:  | Ribosomal protein S4 (RPS4A) family 





2 9 1 10.3 257
AT1G1774
5.2 5 5 21
| Symbols: PGDH | D-3-phosphoglycerate 






0.1 1 2 38.8 1
AT3G6111
0.1 4 5 22
| Symbols: ARS27A, RS27A | ribosomal protein S27 
| chr3:22611710-22612632 FORWARD LENGTH=86 LVQSPNSFFMDVK,RLVQSPNSFFMDVK,VLQNDIDLLNPPAELEKRK,VLQNDIDLLNPPAELEK
AT1G47128.
1 2 1 10.8 2
AT1G4712
8.1 4 5 32
| Symbols: RD21, RD21A | Granulin repeat cysteine 
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Spectra Description Peptide Sequences
AT3G55280.
1 4 1 33.1 4
AT3G5528
0.1 4 4 23
| Symbols: RPL23AB | ribosomal protein L23AB | 
chr3:20500667-20501519 FORWARD LENGTH=154 LTPDYDALDVANKIGII,NKLDHYQILK,SGQIVKKPAKK,KVNTLIRPDGTKK
AT2G09990.
1,AT5G1838
0.1 6 2 29.5 5
AT5G1838
0.1 4 4 28
| Symbols:  | Ribosomal protein S5 domain 2-like 
superfamily protein | chr5:6090253-6090693 
REVERSE LENGTH=146 LNGCPIELFQPEILR,TAVAVTHCKR,KKTAVAVTHCK,IRVNGGGHTSQVYAIR
AT2G46280.
1 7 1 14.9 6
AT2G4628
0.1 4 4 23
| Symbols: TRIP-1, TIF3I1 | TGF-beta receptor 
interacting protein 1 | chr2:19003656-19005393 
REVERSE LENGTH=328 IWDAETGKLLK,FYDKILQEEIGGVK,GHFGPINALAFNPDGK,TAAIHVKR
AT1G02780.
1 8 1 25.7 7
AT1G0278
0.1 4 4 13
| Symbols: emb2386 | Ribosomal protein L19e 




0.2 11 2 21.7 10
AT5G0261
0.2 4 4 24
| Symbols:  | Ribosomal L29 family protein  | 
chr5:587611-588547 FORWARD LENGTH=146 SIAQVLTVISQK,KSIAQVLTVISQK,SIAQVLTVISQKQK,VAKVTGGAPNKLSK
AT2G32060.
1 13 1 32.6 12
AT2G3206
0.1 4 4 20
| Symbols:  | Ribosomal protein 
L7Ae/L30e/S12e/Gadd45 family protein | 
chr2:13639228-13640104 REVERSE LENGTH=144 TLGEWAGLCK,TLGEWAGLCKIDSEGNAR,ALCADHSIKLLTVPSAK,GLHESAKLIEKR
AT4G18100.
1 19 1 31.6 19
AT4G1810
0.1 4 4 16
| Symbols:  | Ribosomal protein L32e | 
chr4:10035715-10036475 REVERSE LENGTH=133 TYCAEIAHNVSTK,FKGVTLMPNVGYGSDKK,TYCAEIAHNVSTKK,ASQLDVVVTNR
AT5G23740.
1 20 1 31.4 20
AT5G2374
0.1 4 5 21
| Symbols: RPS11-BETA | ribosomal protein S11-
beta | chr5:8008251-8009330 REVERSE LENGTH=159 VKEGDHVIIGQCRPLSK,HSNIPAHVSPCFR,NIGLGFKTPR,ILAGTCHSAK
AT3G48930.
1 20 1 31.3 21
AT3G4893
0.1 4 5 28
| Symbols: EMB1080 | Nucleic acid-binding, OB-
fold-like protein | chr3:18141017-18142189 
REVERSE LENGTH=160 HSNIPAHVSPCFR,VKEGDHIIIGQCRPLSK,NIGLGFKTPR,ILAGTCHSAK
AT2G37550.
1 31 1 14.7 35
AT2G3755
0.1 4 4 13
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Spectra Description Peptide Sequences
AT2G45300.
1 33 1 9.2 37
AT2G4530
0.1 4 4 15
| Symbols:  | RNA 3'-terminal phosphate 
cyclase/enolpyruvate transferase, alpha/beta | 
chr2:18677518-18679868 FORWARD LENGTH=520 VSWTENSVTVTGPPR,MIAICTELRK,KTFPDYFQVLER,TAEIDTYDDHR
AT2G30110.
1 41 1 5.6 44
AT2G3011
0.1 4 4 12
| Symbols: ATUBA1, MOS5, UBA1 | ubiquitin-




0.1 42 2 33.6 45
AT5G0245
0.1 4 5 39
| Symbols:  | Ribosomal protein L36e family 
protein | chr5:533501-534394 FORWARD LENGTH=108 NLIKEVAGQAPYEKR,NLIKEVAGQAPYEK,KREEMSSVLR,ITELLKVGKDKR
AT3G05590.
1 44 1 24.6 47
AT3G0559
0.1 4 4 15
| Symbols: RPL18 | ribosomal protein L18 | 
chr3:1621511-1622775 FORWARD LENGTH=187 VNKAPLSLSR,GIDLIAGGKSKK,LVEFMTGKEDK,IAVLVGTITDDLR
AT5G27850.
1 44 1 25.1 48
AT5G2785
0.1 4 4 16
| Symbols:  | Ribosomal protein L18e/L15 
superfamily protein | chr5:9873169-9874297 
FORWARD LENGTH=187 VNKAPLSLSR,GIDLIAGGKSKK,SNSNFNAVILKR,IAVLVGTITDDLR
AT1G27090.
1 52 1 13.3 58
AT1G2709
0.1 4 4 19





1 55 1 15.5 61
AT5G5695
0.1 4 4 27
| Symbols: NFA03, NFA3, NAP1;3 | nucleosome 
assembly protein 1;3 | chr5:23032618-23035299 
FORWARD LENGTH=374 EIQGKHDEIETK,AYHMIDEDEPLLEK,NKLQNLAGQHSDVLENLTPK,AIGTEIDWYPGK
AT1G79340.
1 63 1 14.6 70
AT1G7934
0.1 4 4 21
| Symbols: AtMC4, MC4 | metacaspase 4 | 
chr1:29842849-29844368 FORWARD LENGTH=418 SKVEGAIESR,DLVDKVPPGCR,IRPSLFDAFGDDSSPK,YGFSEENITVLIDTDESSTQPTGK
AT2G20580.
1 66 1 6.4 73
AT2G2058
0.1 4 4 15
| Symbols: RPN1A, ATRPN1A | 26S proteasome 
regulatory subunit S2 1A | chr2:8859211-8864699 
FORWARD LENGTH=891 NLAGEIAQEYTKR,TITGFQTHSTPVLLAAGER,VGQAVDVVGQAGRPK,LSEGYLTLAR
AT2G01530.
1 68 1 33.1 76
AT2G0153
0.1 4 4 22
| Symbols: MLP329 | MLP-like protein 329 | 
chr2:239815-240349 FORWARD LENGTH=151 GLEGHVMEQLK,SVVADMDEHVLKA,KEIDDENMVITFR,RTDDSPEPSNYMK
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Spectra Description Peptide Sequences
AT4G16143.
1 71 1 11.6 80
AT4G1614
3.1 4 4 24





1 77 1 35.0 89
AT3G0208
0.1 4 4 29
| Symbols:  | Ribosomal protein S19e family 
protein | chr3:364138-365161 REVERSE LENGTH=143 SGKIELPTWTDIVK,AYASHLKR,TVKDVSPHDFVK,RITSSGQRDLDQVAGR
AT1G22300.
1 82 1 25.2 95
AT1G2230
0.1 4 4 39
| Symbols: GRF10, 14-3-3EPSILON, GF14 EPSILON | 





1 84 1 13.4 97
AT1G6593
0.1 4 5 20
| Symbols: cICDH | cytosolic NADP+-dependent 






45775.2 9 4 22.0 100
AT5G4577
5.2 4 5 21
| Symbols:  | Ribosomal L5P family protein | 
chr5:18565281-18566496 REVERSE LENGTH=182 VLEQLSGQTPVFSK,IACYVTVRGEK,AMQLLESGLKVK,ASKVLEQLSGQTPVFSK
AT3G13300.
1 89 1 4.0 105
AT3G1330
0.1 4 4 12
| Symbols: VCS | Transducin/WD40 repeat-like 
superfamily protein | chr3:4304085-4309949 
FORWARD LENGTH=1344 TIKKELAAIGPALAR,TLSYPTPPLNLQSPR,NLDVSSVEEISR,GIAEHTNAAQQR
AT4G38630.
1 90 1 9.6 106
AT4G3863
0.1 4 4 21
| Symbols: RPN10, MCB1, ATMCB1, MBP1 | regulatory 
particle non-ATPase 10 | chr4:18057357-18059459 
REVERSE LENGTH=386 LQAQTEAVNLLCGAK,IIVFAGSPIKYEKK,IIVFAGSPIKYEK,KALEIVGKR
AT2G28000.
1 92 1 13.0 109
AT2G2800
0.1 4 5 29
| Symbols: CPN60A, CH-CPN60A, SLP | chaperonin-





2 94 1 13.8 111
AT1G4860
0.2 4 4 19
| Symbols: PMEAMT, AtPMEAMT | S-adenosyl-L-
methionine-dependent methyltransferases 





1 1 1 38.1 120
AT5G4793
0.1 4 5 31
| Symbols:  | Zinc-binding ribosomal protein 
family protein | chr5:19406423-19407329 REVERSE 
LENGTH=84 VLQNDIDLLHPPPELEK,LVQSPNSFFMDVK,RLVQSPNSFFMDVK,VLQNDIDLLHPPPELEKR
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AT2G27600.
1 102 1 16.6 126
AT2G2760
0.1 4 4 21
| Symbols: SKD1, VPS4, ATSKD1 | AAA-type ATPase 





1 110 1 13.6 135
AT5G4378
0.1 4 4 14
| Symbols: APS4 | Pseudouridine 
synthase/archaeosine transglycosylase-like family 





1 121 1 18.4 152
AT1G0441
0.1 4 5 22
| Symbols:  | Lactate/malate dehydrogenase family 
protein | chr1:1189418-1191267 REVERSE LENGTH=332 VLVVANPANTNALILK,DDAWLDGEFISTVQQR,NGDWSIVQGLPIDEVSR,MELIDAAFPLLK
AT2G36170.
1,AT3G5259
0.1 125 2 26.6 157
AT3G5259
0.1 4 4 33
| Symbols: UBQ1, EMB2167, ERD16, HAP4 | ubiquitin 
extension protein 1 | chr3:19505668-19506681 
FORWARD LENGTH=128 CGHSNQLRPK,KYNQDKMICRK,KYNQDKMICR,IQDKEGIPPDQQR
AT2G47110.
1 125 1 36.3 158
AT2G4711
0.1 4 4 23
| Symbols: UBQ6 | ubiquitin 6 | chr2:19344701-
19345174 FORWARD LENGTH=157 CGLTYVYQKEGAQE,VKLAVLQFYK,KECPNATCGAGTFMASHFDR,IQDKEGIPPDQQR
AT3G62250.
1 125 1 36.3 159
AT3G6225
0.1 4 4 25
| Symbols: UBQ5 | ubiquitin 5 | chr3:23037138-
23037611 FORWARD LENGTH=157 CGLTYVYQKEGVEA,VKLAVLQFYK,KECPNATCGAGTFMASHFDR,IQDKEGIPPDQQR
AT1G29900.
1 27 1 4.0 168
AT1G2990
0.1 4 4 18
| Symbols: CARB | carbamoyl phosphate synthetase 




1 131 1 51.7 170
AT5G6122
0.1 4 4 16
| Symbols:  | LYR family of Fe/S cluster 
biogenesis protein | chr5:24626057-24626320 
REVERSE LENGTH=87 KQLFVAER,NLTDPSKVTEAYAEAK,VSSSEVLSLCR,VYLAYPPKTK
AT3G57410.
1 132 1 7.2 171
AT3G5741
0.1 4 4 16





2 107 1 26.6 183
AT3G0711
0.2 4 4 20
| Symbols:  | Ribosomal protein L13 family 
protein | chr3:2252092-2253332 FORWARD LENGTH=207 CEEICLSGGLVR,VAEEKLGSQLDVLAPVKY,LKVFEGVPTPYDK,DLLNGQNIVVVR
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AT5G11170.
1,AT5G1120
0.2 141 2 9.7 184
AT5G1120
0.2 4 4 15
| Symbols:  | DEAD/DEAH box RNA helicase family 




0.1 151 2 39.1 198
AT3G5954
0.1 4 4 18
| Symbols:  | Ribosomal L38e protein family | 
chr3:21995897-21996742 REVERSE LENGTH=69 SKDIVKFKVR,ADKLKQSLPPGLSVQDL,QSLPPGLSVQDL,SKDIVKFK
AT1G74910.
1 159 1 10.6 222
AT1G7491
0.1 4 4 19
| Symbols:  | ADP-glucose pyrophosphorylase 
family protein | chr1:28135770-28138456 REVERSE 
LENGTH=415 VVAVIMVGGPTKGTR,SAIVIGDVYIHPSAK,LDQDILSPLAGK,LDQDILSPLAGKKR
AT1G16350.
1 167 1 12.5 234
AT1G1635
0.1 4 4 18
| Symbols:  | Aldolase-type TIM barrel family 




1 168 1 10.1 235
AT1G2095
0.1 4 5 23
| Symbols:  | Phosphofructokinase family protein 
| chr1:7297467-7301336 REVERSE LENGTH=614 ETAQVPDAHIITELPSVR,SQYKPELPPCLQGTTVR,TIVKPGCSQDVLK,AVSLCVEDQDYMGR
AT1G76550.
1 168 1 9.4 237
AT1G7655
0.1 4 4 17
| Symbols:  | Phosphofructokinase family protein 
| chr1:28722900-28726929 REVERSE LENGTH=617 SQYHPELPPCLQGTTVR,CGAAPISAMMTVKR,TIVKPGCSQDVLK,VADAQIITEHPVKR
AT1G70600.
1 171 1 37.0 243
AT1G7060
0.1 4 4 33
| Symbols:  | Ribosomal protein L18e/L15 
superfamily protein | chr1:26621168-26621608 
REVERSE LENGTH=146 IKEAGGAVVLTA,NKFFCPIVNLDK,GHLPENKPFVVK,STKDNVPLIDVTQHGFFK
AT1G23290.
1 171 1 37.0 244
AT1G2329
0.1 4 4 27
| Symbols: RPL27A, RPL27AB | Ribosomal protein 
L18e/L15 superfamily protein | chr1:8263007-
8263447 FORWARD LENGTH=146 IKEAGGAVVLTA,NKFFCPIVNLDK,GHLPENKPFVVK,SSKDNVPLIDVTQHGFFK
AT3G04790.
1 173 1 17.4 250
AT3G0479
0.1 4 4 21
| Symbols:  | Ribose 5-phosphate isomerase, type 





1 174 1 14.0 252
AT1G5772
0.1 4 6 36
| Symbols:  | Translation elongation factor EF1B, 
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AT4G19210.
1 175 1 6.8 253
AT4G1921
0.1 4 4 12
| Symbols: ATRLI2, RLI2 | RNAse l inhibitor 
protein 2 | chr4:10501906-10504776 FORWARD 
LENGTH=605 KCPFEAIQIINLPR,CPFEAIQIINLPR,GSELQNYFTR,VAETPQESAEEIQSYAR
AT5G60980.
2 178 1 11.5 258
AT5G6098
0.2 4 4 24
| Symbols:  | Nuclear transport factor 2 (NTF2) 
family protein with RNA binding (RRM-RBD-RNP 




0.1 10 2 24.3 9
AT3G5575
0.1 3 3 19
| Symbols:  | Ribosomal protein L35Ae family 




0.1 14 2 23.2 15
AT4G0010
0.1 3 4 24
| Symbols: ATRPS13A, RPS13, PFL2, RPS13A | 
ribosomal protein S13A | chr4:37172-38123 FORWARD 
LENGTH=151 KGLTPSQIGVILR,GKGISASALPYKR,FRLILVESR
AT3G04920.
1 23 1 28.6 26
AT3G0492
0.1 3 3 17
| Symbols:  | Ribosomal protein S24e family 
protein | chr3:1360989-1362065 FORWARD LENGTH=133 KQFVIDVLHPGR,ANVSKAELKEK,SSGFGLIYDTVESAK
AT3G60245.
1 34 1 42.4 38
AT3G6024
5.1 3 3 24
| Symbols:  | Zinc-binding ribosomal protein 





580.1 43 3 13.6 46
AT1G6658
0.1 3 3 37
| Symbols: SAG24, RPL10C | senescence associated 
gene 24 | chr1:24839208-24840439 FORWARD 
LENGTH=221 VAIGQVLLSVR,SAGKDAFHLR,IACNKYMVK
AT4G34490.
1 45 1 9.0 49
AT4G3449
0.1 3 3 12
| Symbols: ATCAP1, CAP 1, CAP1 | cyclase 
associated protein 1 | chr4:16484896-16487355 
REVERSE LENGTH=476 SGAVSAVEKETR,LEGISSNGGGVVSLSR,IVAEAFASQKELLVR
AT1G11860.
1 48 1 11.5 53
AT1G1186
0.1 3 3 16
| Symbols:  | Glycine cleavage T-protein family | 
chr1:4001801-4003245 FORWARD LENGTH=408 TALYDFHVAHGGK,VGFFSSGPPAR,TGYTGEDGFEISVPDEHAVDLAK
AT2G01350.
1 49 1 12.6 54
AT2G0135
0.1 3 3 13
| Symbols: QPT | quinolinate 
phoshoribosyltransferase | chr2:165332-167209 
REVERSE LENGTH=348 TLEEVKEVLEYASGSETR,NLEMDVEVETR,LMADAASPACILETR
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AT4G04910.
1 51 1 5.8 56
AT4G0491
0.1 3 4 16
| Symbols: NSF | AAA-type ATPase family protein | 
chr4:2489696-2495666 REVERSE LENGTH=742 TKNYSGAELEGVVK,MKENSFLGTDINLQELAAR,LQILQIHTNK
AT1G09740.
1 57 1 16.4 62
AT1G0974
0.1 3 4 38
| Symbols:  | Adenine nucleotide alpha hydrolases-
like superfamily protein | chr1:3154603-3155834 
FORWARD LENGTH=171 TQVVIGDPKYK,ITDTILEHASQICAEK,RITDTILEHASQICAEK
AT1G48920.
1 67 1 5.4 75
AT1G4892
0.1 3 4 30
| Symbols: ATNUC-L1, PARL1, NUC-L1 | nucleolin 
like 1 | chr1:18098186-18101422 FORWARD 
LENGTH=557 ADVENFFKEAGEVVDVR,KAVAATNGTVAKK,KAVAATNGTVAK
AT3G09820.
1 74 1 16.3 83
AT3G0982
0.1 3 3 21
| Symbols: ADK1, ATADK1 | adenosine kinase 1 | 
chr3:3012122-3014624 FORWARD LENGTH=344 AGCYASNVVIQR,VHGWETDDVEQIAIK,TTVITQGADPVVVAEDGKVKKYPVIPLPK
AT1G18540.
1 75 1 20.6 84
AT1G1854
0.1 3 3 14
| Symbols:  | Ribosomal protein L6 family protein 
| chr1:6377448-6378548 REVERSE LENGTH=233 VDAPVEKPAKFYPAEDVKKPLVNR,ASITPGTVLIILAGR,VNRNPDLIR
AT5G61170.
1 77 1 23.8 87
AT5G6117
0.1 3 3 22
| Symbols:  | Ribosomal protein S19e family 
protein | chr5:24611158-24612202 FORWARD 
LENGTH=143 AYAAHLKR,SGKIELPLWTDIVK,TVKDVSPHEFVK
AT3G07770.
1 78 1 5.3 88
AT3G0777
0.1 3 3 11
| Symbols: Hsp89.1, AtHsp90.6, AtHsp90-6 | HEAT 
SHOCK PROTEIN 89.1 | chr3:2479611-2483970 FORWARD 
LENGTH=799 GVVDSHDLPLNVSR,ELISNASDALDKLR,VFISDDFDGELFPR
AT4G11820.
2 80 1 8.2 92
AT4G1182
0.2 3 3 10
| Symbols: MVA1, FKP1 | hydroxymethylglutaryl-CoA 
synthase / HMG-CoA synthase / 3-hydroxy-3-
methylglutaryl coenzyme A synthase | chr4:7109124-
7111901 REVERSE LENGTH=461 YGAKDFVTTK,FYGKKGEDGSVANGH,VSQQIAKPFYDAK
AT5G37510.
2 81 1 6.3 94
AT5G3751
0.2 3 3 10
| Symbols: EMB1467, CI76 | NADH-ubiquinone 
dehydrogenase, mitochondrial, putative | 
chr5:14897490-14900447 FORWARD LENGTH=748 ALSEVSGVKLPYNSIEGVR,FASEVAGVQDLGILGR,SVVDKNLGPLVK
AT1G74100.
1 85 1 8.9 99
AT1G7410
0.1 3 3 10
| Symbols: SOT16, ATSOT16, CORI-7, ATST5A | 
sulfotransferase 16 | chr1:27864489-27865505 
REVERSE LENGTH=338 FKDTGLLQHDN,IDGLVEEKFKDTGLLQHDN,KYQDFIATLPK
AT4G24800.
1 86 1 7.0 101
AT4G2480
0.1 3 3 11
| Symbols:  | MA3 domain-containing protein | 
chr4:12782463-12784902 FORWARD LENGTH=702 ALVTALENHAAEAPVLK,VKDGLEDLALDIPNAK,LRESLDDLALDIPSAR
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AT3G63250.
1 87 1 13.2 102
AT3G6325
0.1 3 3 13
| Symbols: HMT-2, ATHMT-2, HMT2 | homocysteine 
methyltransferase 2 | chr3:23370575-23372587 
REVERSE LENGTH=333 HGADLNDPLWSAK,QTGGYAVIDGGLATEFER,TGNSFNSMKDFLK
AT1G30580.
1 88 1 9.6 103
AT1G3058
0.1 3 3 11
| Symbols:  | GTP binding | chr1:10831953-
10835454 REVERSE LENGTH=394 GAHEGQGLGNNFLSHIR,IGIVGLPNVGK,AVDGIFHVLR
AT5G35360.
3 93 1 5.6 110
AT5G3536
0.3 3 3 11
| Symbols: CAC2 | acetyl Co-enzyme a carboxylase 
biotin carboxylase subunit | chr5:13584300-
13588163 FORWARD LENGTH=555 VANEIGFPVMIK,NQKLLEEAPSPALTAELRK,LLEEAPSPALTAELR
AT3G17810.
1 97 1 9.4 116
AT3G1781
0.1 3 3 12
| Symbols: PYD1 | pyrimidine 1 | chr3:6094279-
6096289 FORWARD LENGTH=426 TVSLDASKVINVTPR,AFDEGWGAVIAK,MTPNITDITEPAR
AT1G80460.
1 99 1 7.7 118
AT1G8046
0.1 3 3 12
| Symbols: NHO1, GLI1 | Actin-like ATPase 
superfamily protein | chr1:30246960-30249055 
REVERSE LENGTH=522 TLGIPAEILPK,IAGCLGDQHAAMLGQACR,VFRPAMEEGIR
AT3G01420.
1 103 1 7.5 127
AT3G0142
0.1 3 3 12
| Symbols: ALPHA-DOX1, DOX1, DIOX1, PADOX-1 | 
Peroxidase superfamily protein | chr3:159689-
162726 REVERSE LENGTH=639 TADGKFNDPFNEGVGSQNSFFGR,KGEETMSHIGFTK,TKEVPTGFFEIK
AT5G26360.
1 104 1 10.5 129
AT5G2636
0.1 3 3 32
| Symbols:  | TCP-1/cpn60 chaperonin family 
protein | chr5:9255561-9258891 REVERSE LENGTH=555 TAIEAACMLLR,ACGAVIVNRPDELQESDIGTGAGLFEVK,ACTVLLRGPSKDFINEVER
AT1G48900.
1,AT5G4950
0.1 106 2 7.9 131
AT5G4950
0.1 3 3 9
| Symbols:  | Signal recognition particle, SRP54 
subunit protein | chr5:20077556-20080206 REVERSE 
LENGTH=497 AGAFDQLKQNATK,ALLQSDVSFPLVK,RIIEQAIFSELCK
AT3G25800.
1 108 1 6.3 133
AT3G2580
0.1 3 3 12
| Symbols: PDF1, PR 65, PP2AA2 | protein 
phosphatase 2A  subunit A2 | chr3:9422822-9425783 
REVERSE LENGTH=587 LLRDNEAEVR,TIRPGLVELSEDPDVDVR,RAAATNLGK
AT3G43300.
1 109 1 2.0 134
AT3G4330
0.1 3 3 11
| Symbols: ATMIN7, BEN1 | HOPM interactor 7 | 
chr3:15234235-15245034 REVERSE LENGTH=1758 GSSLQCLVNVLK,AQKDVDDVNLQR,SREDVPSNFEK
AT5G60790.
1 111 1 6.4 136
AT5G6079
0.1 3 3 9
| Symbols: ATGCN1, GCN1 | ABC transporter family 




0.1 112 2 5.2 137
AT4G3149
0.1 3 3 9
| Symbols:  | Coatomer, beta subunit | 
chr4:15269460-15272693 FORWARD LENGTH=948 KGMSQLELEDQVQDDLKR,TQTTHAQPDDLIDFFHLK,KIQPTSSAMVSSR
AT1G76030.
1 115 1 9.1 143
AT1G7603
0.1 3 3 10
| Symbols:  | ATPase, V1 complex, subunit B 




0.1 116 2 29.8 144
AT5G6230
0.1 3 3 12
| Symbols:  | Ribosomal protein S10p/S20e family 
protein | chr5:25021388-25022235 REVERSE 
LENGTH=124 NLEKVCTDLVR,VIDLFSSPDVVK,AGLEEPLEQIHKIR
AT3G16460.
1 119 1 5.8 150
AT3G1646
0.1 3 3 12
| Symbols:  | Mannose-binding lectin superfamily 
protein | chr3:5593029-5595522 FORWARD LENGTH=705 SLSTQEVITALTFTTNK,DGQKIVGFHGR,SGFQISAPEATGK
AT3G54640.
1 9 1 17.9 151
AT3G5464
0.1 3 4 12
| Symbols: TSA1, TRP3 | tryptophan synthase alpha 
chain | chr3:20223331-20225303 REVERSE LENGTH=312 AVGVQGLVVPDVPLEETEMLRK,GTNLDSILEMLDK,EALNNDIELVLLTTPTTPTER
AT2G27710.
1 124 1 29.6 155
AT2G2771
0.1 3 3 32
| Symbols:  | 60S acidic ribosomal protein family 
| chr2:11816929-11817670 FORWARD LENGTH=115 GKDLAELIAAGR,TILGSVGAETEDSQIELLLK,GKDLAELIAAGREK
AT5G04740.
1 135 1 14.0 177
AT5G0474
0.1 3 3 19
| Symbols:  | ACT domain-containing protein | 
chr5:1368713-1371391 REVERSE LENGTH=301 SLSQVLVNCLR,SLLVIETADRPGLVVEMIK,KVEDPDLLEQIR
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AT4G27090.
1 136 1 23.9 178
AT4G2709
0.1 3 3 10
| Symbols:  | Ribosomal protein L14 | 
chr4:13594104-13595187 REVERSE LENGTH=134 ANLNDFDRFK,LSLTDIVIDINRVPK,KLIVQKR
AT5G03290.
1 142 1 12.0 187
AT5G0329
0.1 3 3 11
| Symbols: IDH-V | isocitrate dehydrogenase V | 
chr5:794043-795939 FORWARD LENGTH=374 VSAIHKANIMQK,TADLGGSSTTTEFTK,ATLFPGDGIGPEIAESVK
AT4G22380.
1,AT5G2016
0.2 143 2 29.5 191
AT5G2016
0.2 3 3 13
| Symbols:  | Ribosomal protein 
L7Ae/L30e/S12e/Gadd45 family protein | 




800.1 144 3 26.3 192
AT4G0980
0.1 3 6 40
| Symbols: RPS18C | S18 ribosomal protein | 
chr4:6173818-6174963 FORWARD LENGTH=152 VLNTNVDGKQK,AGELSAAEIDNLMTIVANPR,KADVDMNKR
AT5G01410.
1 146 1 13.6 194
AT5G0141
0.1 3 3 10
| Symbols: PDX1, ATPDX1.3, RSR4, PDX1.3, ATPDX1 | 
Aldolase-type TIM barrel family protein | 
chr5:172576-173505 REVERSE LENGTH=309 TKGEAGTGNIIEAVR,KLAAPYDLVMQTK,GGVIMDVVNAEQAR
AT5G05010.
1 147 1 7.6 195
AT5G0501
0.1 3 3 11
| Symbols:  | clathrin adaptor complexes medium 
subunit family protein | chr5:1477137-1479872 
FORWARD LENGTH=527 RPDQPFPTGQGGDGVGLLR,TQLIAQNYQVI,INDTKDVMKR
AT3G63460.
1 148 1 4.4 196
AT3G6346
0.1 3 3 13
| Symbols:  | transducin family protein / WD-40 
repeat family protein | chr3:23431009-23437241 
REVERSE LENGTH=1104 LFNETSEALGGAR,ALIVGDYKEAVDQCITANK,YGVEENNFGTAPLKAPK
AT1G26630.
1 153 1 27.7 209
AT1G2663
0.1 3 3 79
| Symbols: FBR12, ATELF5A-2, ELF5A-2 | Eukaryotic 
translation initiation factor 5A-1 (eIF-5A 1) 
protein | chr1:9205968-9207098 FORWARD LENGTH=159 KLEDIVPSSHNCDVPHVNR,CHFVAIDIFTAK,NRPCKVVEVSTSK
AT5G13420.
1 160 1 12.3 225
AT5G1342
0.1 3 4 21
| Symbols:  | Aldolase-type TIM barrel family 




190.1 161 3 16.7 226
AT5G5519
0.1 3 3 32
| Symbols: RAN3, ATRAN3 | RAN GTPase 3 | 
chr5:22392285-22393957 FORWARD LENGTH=221 KKNLQYYEISAK,AKQVTFHR,LVIVGDGGTGKTTFVKR
AT3G48990.
1 162 1 5.6 227
AT3G4899
0.1 3 3 10
| Symbols:  | AMP-dependent synthetase and ligase 
family protein | chr3:18159031-18161294 REVERSE 
LENGTH=514 NLAAFKVPK,IVAQHFLEKP,RVFITDNLPK
AT4G35770.
1 165 1 19.2 231
AT4G3577
0.1 3 3 9
| Symbols: SEN1, ATSEN1, DIN1 | Rhodanese/Cell 
cycle control phosphatase superfamily protein | 
chr4:16945073-16945983 FORWARD LENGTH=182 TPDEFSIGHPTR,ATTTSRGNVAAEAVKIPTSVPVR,GNVAAEAVKIPTSVPVR
AT1G07770.
1,AT5G5985
0.1 9 2 30.0 236
AT5G5985
0.1 3 5 35
| Symbols:  | Ribosomal protein S8 family protein 
| chr5:24112499-24113084 REVERSE LENGTH=130 FDVGVKEIEGWTAR,VRISVLNDALK,HGYIGEFEYVDDHR
AT1G45145.
1 170 1 35.6 241
AT1G4514
5.1 3 3 29
| Symbols: ATTRX5, ATH5, LIV1, TRX5 | thioredoxin 
H-type 5 | chr1:17075264-17076256 REVERSE 
LENGTH=118 EGNIIDRVVGAAKDEINEK,IDVDELQAVAQEFK,KFTNVVFFK
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AT3G09630 60S ribosomal protein L4-1;RPL4A;ortholog 60S RIBOSOMAL PROTEIN L4 (PTHR19431:SF0)
AT1G77940 60S ribosomal protein L30-2;RPL30B;ortholog 60S RIBOSOMAL PROTEIN L30 (PTHR11449:SF1) ribosomal protein
AT5G18380 40S ribosomal protein S16-3;RPS16C;ortholog 40S RIBOSOMAL PROTEIN S16 (PTHR21569:SF4) ribonucleoprotein;ribosomal protein
AT5G02610 60S ribosomal protein L35-4;RPL35D;ortholog 60S RIBOSOMAL PROTEIN L35 (PTHR13872:SF3) glycosyltransferase;ribosomal protein
AT3G59540 60S ribosomal protein L38;RPL38A;ortholog 60S RIBOSOMAL PROTEIN L38 (PTHR10965:SF0) ribosomal protein
AT4G09800 40S ribosomal protein S18;RPS18A;ortholog 40S RIBOSOMAL PROTEIN S18 (PTHR10871:SF3)
AT5G26360 Putative chaperonin gamma chain;At5g26360;ortholog T-COMPLEX PROTEIN 1 SUBUNIT GAMMA (PTHR11353:SF24) chaperonin
AT1G53750 26S protease regulatory subunit 7 homolog A;RPT1A;ortholog 26S PROTEASE REGULATORY SUBUNIT 7 (PTHR23073:SF13) hydrolase
AT1G57720 Probable elongation factor 1-gamma 2;At1g57720;ortholog





AT5G60980 AT5g60980/MSL3_100;At5g60980;ortholog AT27578P (PTHR10693:SF20) signaling molecule;RNA binding protein
AT1G63000 3,5-epimerase/4-reductase;F16P17.17;ortholog 3,5-EPIMERASE/4-REDUCTASE-RELATED (PTHR10366:SF307) oxidoreductase;dehydratase;epimerase/racemase
AT3G29360 Probable UDP-glucose 6-dehydrogenase 1;UGD1;ortholog UDP-GLUCOSE 6-DEHYDROGENASE (PTHR11374:SF3) dehydrogenase
AT3G47520 Malate dehydrogenase, chloroplastic;At3g47520;ortholog MALATE DEHYDROGENASE, CHLOROPLASTIC (PTHR11540:SF14) dehydrogenase
AT5G46290
3-oxoacyl-[acyl-carrier-protein] synthase I, 
chloroplastic;KAS1;ortholog




AT3G56190 Alpha-soluble NSF attachment protein 2;ASNAP2;ortholog SOLUBLE NSF ATTACHMENT PROTEIN (PTHR13768:SF8) membrane traffic protein
AT3G09260 Beta-glucosidase 23;BGLU23;ortholog
BETA-D-GLUCOPYRANOSYL ABSCISATE BETA-GLUCOSIDASE-RELATED 
(PTHR10353:SF37)
AT1G50200 Alanine--tRNA ligase;ALATS;ortholog ALANINE--TRNA LIGASE, CYTOPLASMIC (PTHR11777:SF9) RNA binding protein
AT3G53990 AT3G53990 protein;F5K20_290;ortholog SUBFAMILY NOT NAMED (PTHR31964:SF23)
AT4G35260
Isocitrate dehydrogenase [NAD] regulatory subunit 1, 
mitochondrial;IDH1;ortholog
ISOCITRATE DEHYDROGENASE [NAD] SUBUNIT GAMMA, MITOCHONDRIAL 
(PTHR11835:SF42) dehydrogenase
AT2G01530 MLP-like protein 329;MLP329;ortholog MLP-LIKE PROTEIN 329 (PTHR31338:SF4)
AT2G27600 F10A12.27/F10A12.27;SKD1;ortholog BCDNA.GH02678 (PTHR23074:SF3) hydrolase;non-motor microtubule binding protein
AT4G19210 ABC transporter E family member 2;ABCE2;ortholog ABC TRANSPORTER E FAMILY MEMBER 1-RELATED (PTHR19248:SF15)
AT4G04910 Vesicle-fusing ATPase;NSF;ortholog VESICLE-FUSING ATPASE (PTHR23078:SF3)
AT1G76030 V-type proton ATPase subunit B1;VHA-B1;ortholog
ATPASE, H+ TRANSPORTING, LYSOSOMAL V1 SUBUNIT B2-RELATED 
(PTHR15184:SF11)
ATP synthase;anion channel;ligand-gated ion 
channel;ligand-gated ion channel;DNA binding 
protein;hydrolase
AT2G27530 60S ribosomal protein L10a-2;RPL10AB;ortholog 60S RIBOSOMAL PROTEIN L10A (PTHR23105:SF31) ribosomal protein
AT1G27400 60S ribosomal protein L17-1;RPL17A;ortholog 60S RIBOSOMAL PROTEIN L17 (PTHR11593:SF5)
AT3G55280 60S ribosomal protein L23a-2;RPL23AB;ortholog FI01658P (PTHR11620:SF2) ribosomal protein
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AT5G45775 60S ribosomal protein L11-2;RPL11B;ortholog 60S RIBOSOMAL PROTEIN L11 (PTHR11994:SF8) ribosomal protein
AT5G47930 40S ribosomal protein S27-3;RPS27D;ortholog 40S RIBOSOMAL PROTEIN S27 (PTHR11594:SF0) ribosomal protein
AT3G07110 60S ribosomal protein L13a-1;RPL13AA;ortholog 60S RIBOSOMAL PROTEIN L13A (PTHR11545:SF3) ribosomal protein
AT5G62300 40S ribosomal protein S20-1;RPS20A;ortholog 40S RIBOSOMAL PROTEIN S20 (PTHR11700:SF8) ribosomal protein
AT2G28000 Chaperonin 60 subunit alpha 1, chloroplastic;CPN60A1;ortholog CHAPERONIN 60 SUBUNIT ALPHA 1, CHLOROPLASTIC-RELATED (PTHR11353:SF11) chaperonin
AT5G11200 DEAD-box ATP-dependent RNA helicase 56;RH56;ortholog ATP-DEPENDENT RNA HELICASE WM6 (PTHR24031:SF75) RNA helicase;translation initiation factor;helicase
AT2G38040
Acetyl-coenzyme A carboxylase carboxyl transferase subunit 
alpha, chloroplastic;CAC3;ortholog
ACETYL-COENZYME A CARBOXYLASE CARBOXYL TRANSFERASE SUBUNIT ALPHA, 
CHLOROPLASTIC (PTHR22855:SF28) ligase
AT3G13930
Dihydrolipoyllysine-residue acetyltransferase component 2 of 
pyruvate dehydrogenase complex, 
mitochondrial;At3g13930;ortholog
DIHYDROLIPOYLLYSINE-RESIDUE ACETYLTRANSFERASE COMPONENT OF PYRUVATE 
DEHYDROGENASE COMPLEX, MITOCHONDRIAL (PTHR23151:SF9) acetyltransferase;acyltransferase
AT3G48870 Chaperone protein ClpC2, chloroplastic;CLPC2;ortholog CHAPERONE PROTEIN CLPC1, CHLOROPLASTIC-RELATED (PTHR11638:SF90) protease;protease;chaperone
AT5G37600 Glutamine synthetase cytosolic isozyme 1-1;GLN1-1;ortholog GLUTAMINE SYNTHETASE CYTOSOLIC ISOZYME 1-1-RELATED (PTHR20852:SF50) ligase
AT2G37550
ADP-ribosylation factor GTPase-activating protein 
AGD7;AGD7;ortholog ADP-RIBOSYLATION FACTOR GTPASE-ACTIVATING PROTEIN 1 (PTHR23180:SF35) nucleic acid binding;G-protein modulator
AT3G57410 Villin-3;VLN3;ortholog PROTEIN FLIGHTLESS-1 HOMOLOG (PTHR11977:SF16) non-motor actin binding protein
AT4G34490 Adenylyl cyclase-associated protein;T4L20.70;ortholog ADENYLYL CYCLASE-ASSOCIATED PROTEIN (PTHR10652:SF0) actin family cytoskeletal protein
AT3G63250 Homocysteine S-methyltransferase 2;HMT-2;ortholog PROTEIN T13G4.4 (PTHR21091:SF9) methyltransferase;reductase;decarboxylase
AT1G30580 At1g30580;T5I8.3;ortholog OBG-LIKE ATPASE 1 (PTHR23305:SF11) G-protein
AT5G03290
Isocitrate dehydrogenase [NAD] catalytic subunit 5, 
mitochondrial;IDH5;ortholog
ISOCITRATE DEHYDROGENASE [NAD] SUBUNIT ALPHA, MITOCHONDRIAL 
(PTHR11835:SF34) dehydrogenase
AT5G05010 Coatomer subunit delta;At5g05010;ortholog COATOMER SUBUNIT DELTA (PTHR10121:SF0) vesicle coat protein
AT5G35530 40S ribosomal protein S3-3;RPS3C;ortholog 40S RIBOSOMAL PROTEIN S3 (PTHR11760:SF9) ribosomal protein
AT5G02960 40S ribosomal protein S23-2;RPS23B;ortholog 40S RIBOSOMAL PROTEIN S23 (PTHR11652:SF14) ribosomal protein
AT3G05560 60S ribosomal protein L22-2;RPL22B;ortholog 60S RIBOSOMAL PROTEIN L22-RELATED (PTHR10064:SF0) ribosomal protein
AT5G27770 60S ribosomal protein L22-3;RPL22C;ortholog 60S RIBOSOMAL PROTEIN L22-RELATED (PTHR10064:SF0) ribosomal protein
AT1G48830 40S ribosomal protein S7-1;RPS7A;ortholog 40S RIBOSOMAL PROTEIN S7 (PTHR11278:SF0) ribosomal protein
AT4G00100 40S ribosomal protein S13-2;RPS13B;ortholog 40S RIBOSOMAL PROTEIN S13 (PTHR11885:SF6) ribosomal protein
AT1G18540 60S ribosomal protein L6-1;RPL6A;ortholog 60S RIBOSOMAL PROTEIN L6 (PTHR10715:SF0) ribosomal protein
AT5G20160 U4/U6 small nuclear ribonucleoprotein SNU13;At5g20160;ortholog NHP2-LIKE PROTEIN 1 (PTHR23105:SF38) ribosomal protein
AT1G57860 60S ribosomal protein L21-2;RPL21E;ortholog RIBOSOMAL PROTEIN L21 (PTHR20981:SF6)
AT3G52590 Ubiquitin-60S ribosomal protein L40-2;RPL40B;ortholog UBIQUITIN-60S RIBOSOMAL PROTEIN L40-1-RELATED (PTHR10666:SF82) ribosomal protein
AT4G38630 26S proteasome non-ATPase regulatory subunit 4;MBP1;ortholog 26S PROTEASOME NON-ATPASE REGULATORY SUBUNIT 4 (PTHR10223:SF0) enzyme modulator
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AT5G57870
Eukaryotic translation initiation factor isoform 4G-
1;EIF(ISO)4G1;ortholog
EUKARYOTIC TRANSLATION INITIATION FACTOR 4G, ISOFORM B-RELATED 
(PTHR23253:SF9) translation initiation factor
AT2G23350 Poly(A) binding protein 4;PAB4;ortholog POLYADENYLATE-BINDING PROTEIN (PTHR24011:SF45)
transcription factor;DNA binding protein;mRNA 
polyadenylation factor;mRNA splicing 
factor;ribonucleoprotein
AT4G01850 S-adenosylmethionine synthase 2;SAM2;ortholog S-ADENOSYLMETHIONINE SYNTHASE (PTHR11964:SF14) nucleotidyltransferase
AT1G12000
Pyrophosphate--fructose 6-phosphate 1-phosphotransferase 
subunit beta 1;PFP-BETA1;ortholog
PYROPHOSPHATE--FRUCTOSE 6-PHOSPHATE 1-PHOSPHOTRANSFERASE SUBUNIT BETA 1-
RELATED (PTHR13697:SF2) carbohydrate kinase;carbohydrate kinase
AT5G63680 Pyruvate kinase;At5g63680;ortholog PYRUVATE KINASE (PTHR11817:SF3)
AT2G33150 3-ketoacyl-CoA thiolase 2, peroxisomal;PED1;ortholog 3-KETOACYL-COA THIOLASE, PEROXISOMAL (PTHR18919:SF69) acetyltransferase
AT4G20360 Elongation factor Tu, chloroplastic;TUFA;ortholog ELONGATION FACTOR TU, CHLOROPLASTIC (PTHR23115:SF121)
translation elongation factor;translation initiation 
factor;hydrolase;G-protein
AT2G36580 Pyruvate kinase;At2g36580;ortholog PYRUVATE KINASE (PTHR11817:SF4) carbohydrate kinase;carbohydrate kinase
AT2G44060 At2g44060;At2g44060;ortholog SUBFAMILY NOT NAMED (PTHR31459:SF2)
AT5G65720 Cysteine desulfurase 1, mitochondrial;NIFS;ortholog CYSTEINE DESULFURASE, MITOCHONDRIAL (PTHR11601:SF20) lyase
AT5G38480 14-3-3-like protein GF14 psi;GRF3;ortholog 14-3-3 PROTEIN EPSILON (PTHR18860:SF17) chaperone
AT3G44110 Chaperone protein dnaJ 3;ATJ3;ortholog DNAJ HOMOLOG SUBFAMILY A MEMBER 2 (PTHR24076:SF1) chaperone
AT3G11130 Clathrin heavy chain 1;CHC1;ortholog CLATHRIN HEAVY CHAIN (PTHR10292:SF1) vesicle coat protein
AT1G35720 Annexin D1;ANN1;ortholog ANNEXIN D1-RELATED (PTHR10502:SF98)
AT2G46280
Eukaryotic translation initiation factor 3 subunit 
I;TIF3I1;ortholog EUKARYOTIC TRANSLATION INITIATION FACTOR 3 SUBUNIT I (PTHR19877:SF1) translation initiation factor
AT2G45300
3-phosphoshikimate 1-carboxyvinyltransferase, 
chloroplastic;At2g45300;ortholog 3-PHOSPHOSHIKIMATE 1-CARBOXYVINYLTRANSFERASE-RELATED (PTHR21090:SF5) kinase;kinase
AT1G65930 Cytosolic isocitrate dehydrogenase [NADP];CICDH;ortholog ISOCITRATE DEHYDROGENASE [NADP] CYTOPLASMIC (PTHR11822:SF6)
AT1G16350 Inosine-5'-monophosphate dehydrogenase 2;At1g16350;ortholog INOSINE-5'-MONOPHOSPHATE DEHYDROGENASE (PTHR11911:SF6) dehydrogenase;reductase
AT1G66580 60S ribosomal protein L10-3;RPL10C;ortholog QM PROTEIN (PTHR11726:SF10) ribosomal protein
AT4G24800 AT4g24800/F6I7_10;At4g24800;ortholog MA3 DOMAIN-CONTAINING PROTEIN (PTHR12626:SF0) translation elongation factor
AT3G17810 Putative dehydrogenase;PYD1;ortholog DIHYDROPYRIMIDINE DEHYDROGENASE [NADP(+)] (PTHR11938:SF5) dehydrogenase;reductase
AT1G80460 AT1G80460 protein;T21F11.21;ortholog GH12641P (PTHR10196:SF9) carbohydrate kinase;carbohydrate kinase
AT3G16460
Jacalin-like lectin domain-containing 
protein;T02O04.4;ortholog EPITHIOSPECIFIER PROTEIN-RELATED (PTHR23244:SF249) chromatin/chromatin-binding protein
AT3G62870 60S ribosomal protein L7a-2;RPL7AB;ortholog RIBOSOMAL PROTEIN L7A (PTHR23105:SF1) ribosomal protein
AT3G11510 40S ribosomal protein S14-2;RPS14B;ortholog 40S RIBOSOMAL PROTEIN S14 (PTHR11759:SF1) ribosomal protein
AT2G41840 40S ribosomal protein S2-3;RPS2C;ortholog 40S RIBOSOMAL PROTEIN S2 (PTHR13718:SF4) ribosomal protein
AT2G18020 60S ribosomal protein L8-1;RPL8A;ortholog 60S RIBOSOMAL PROTEIN L8 (PTHR13691:SF16) ribosomal protein
AT3G11940 40S ribosomal protein S5-2;RPS5B;ortholog 40S RIBOSOMAL PROTEIN S5 (PTHR11205:SF18) ribosomal protein
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AT3G24830 60S ribosomal protein L13a-2;RPL13AB;ortholog 60S RIBOSOMAL PROTEIN L13A (PTHR11545:SF3) ribosomal protein
AT4G18100 60S ribosomal protein L32-1;RPL32A;ortholog 60S RIBOSOMAL PROTEIN L32 (PTHR23413:SF1) ribosomal protein
AT5G23740 40S ribosomal protein S11-3;RPS11C;ortholog 40S RIBOSOMAL PROTEIN S11 (PTHR10744:SF9) ribosomal protein
AT5G27850 60S ribosomal protein L18-3;RPL18C;ortholog 60S RIBOSOMAL PROTEIN L18 (PTHR10934:SF2)
AT2G27710 60S acidic ribosomal protein P2-2;RPP2B;ortholog 60S ACIDIC RIBOSOMAL PROTEIN P2 (PTHR21141:SF5) ribosomal protein
AT3G02530 Putative chaperonin;F16B3.16;ortholog GH13725P (PTHR11353:SF21) chaperonin
AT5G28540
Mediator of RNA polymerase II transcription subunit 
37a;MED37A;ortholog 78 KDA GLUCOSE-REGULATED PROTEIN (PTHR19375:SF144) Hsp70 family chaperone
AT3G03960 At3g03960;T11I18.7;ortholog CHAPERONIN CONTAINING TCP1, SUBUNIT 8 (THETA) (PTHR11353:SF19) chaperonin
AT3G18190 T-complex protein 1 subunit delta;At3g18190;ortholog T-COMPLEX PROTEIN 1 SUBUNIT DELTA (PTHR11353:SF26) chaperonin
AT3G07770 HEAT SHOCK PROTEIN 89.1;Hsp89.1;ortholog HEAT SHOCK PROTEIN 89.1 (PTHR11528:SF41) Hsp90 family chaperone
AT2G30110 Ubiquitin-activating enzyme E1 1;UBA1;ortholog GH24511P (PTHR10953:SF4) transfer/carrier protein;ligase
AT2G20580
26S proteasome non-ATPase regulatory subunit 2 
1A;RPN1A;ortholog 26S PROTEASOME NON-ATPASE REGULATORY SUBUNIT 2 (PTHR10943:SF1) enzyme modulator
AT5G20000 26S protease regulatory subunit 8 homolog B;RPT6B;ortholog 26S PROTEASE REGULATORY SUBUNIT 8 (PTHR23073:SF12) hydrolase
AT1G45000 26S protease regulatory subunit S10B homolog B;RPT4B;ortholog 26S PROTEASE REGULATORY SUBUNIT 10B (PTHR23073:SF24) hydrolase
AT3G13920 Eukaryotic initiation factor 4A-1;TIF4A-1;ortholog EUKARYOTIC INITIATION FACTOR 4A (PTHR24031:SF84) RNA helicase;translation initiation factor;helicase
AT5G23860 Tubulin beta-8 chain;TUBB8;ortholog TUBULIN BETA-1 CHAIN-RELATED (PTHR11588:SF66) tubulin
AT5G19780 Tubulin alpha-5 chain;TUBA5;ortholog TUBULIN ALPHA-1 CHAIN-RELATED (PTHR11588:SF48) tubulin
AT1G22410 Class-II DAHP synthetase-like protein;F12K8.24;ortholog CLASS-II DAHP SYNTHETASE-LIKE PROTEIN-RELATED (PTHR21337:SF0)
AT2G36530 Bifunctional enolase 2/transcriptional activator;ENO2;ortholog ENOLASE-LIKE PROTEIN ENO4 (PTHR11902:SF1)
AT2G34470 Urease accessory protein;UREG;ortholog UREASE ACCESSORY PROTEIN (PTHR31715:SF0)
AT5G56350 Pyruvate kinase;At5g56350/MCD7.8;ortholog PYRUVATE KINASE-RELATED (PTHR11817:SF5) carbohydrate kinase;carbohydrate kinase
AT1G10290 Dynamin-2A;DRP2A;ortholog DYNAMIN-2A-RELATED (PTHR11566:SF57)
hydrolase;small GTPase;microtubule family cytoskeletal 
protein
AT1G29900 At1g29900/F1N18_6;CARB;ortholog SUBFAMILY NOT NAMED (PTHR11405:SF36) transferase;ligase
AT3G04790 Putative ribose 5-phosphate isomerase;F7O18.28;ortholog RIBOSE 5-PHOSPHATE ISOMERASE-RELATED (PTHR11934:SF1) epimerase/racemase
AT1G09740
Adenine nucleotide alpha hydrolases-like 
protein;At1g09740;ortholog ADENINE NUCLEOTIDE ALPHA HYDROLASES-LIKE PROTEIN (PTHR31964:SF2)
AT3G01420 Alpha-dioxygenase 1;DOX1;ortholog ALPHA-DIOXYGENASE 1-RELATED (PTHR11903:SF11) oxygenase
AT4G31490 Coatomer subunit beta-2;At4g31490;ortholog COATOMER SUBUNIT BETA (PTHR10635:SF0) vesicle coat protein
AT5G01410 Pyridoxal biosynthesis protein PDX1.3;PDX13;ortholog PYRIDOXINE BIOSYNTHESIS PROTEIN SNZ1-RELATED (PTHR31829:SF0)
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AT3G48990 4-coumarate--CoA ligase-like 10;4CLL10;ortholog PEROXISOMAL-COENZYME A SYNTHETASE (PTHR24095:SF148) dehydrogenase;ligase
AT5G20290 40S ribosomal protein S8-1;RPS8A;ortholog 40S RIBOSOMAL PROTEIN S8 (PTHR10394:SF3)
AT3G61110 40S ribosomal protein S27-2;RPS27B;ortholog 40S RIBOSOMAL PROTEIN S27 (PTHR11594:SF0) ribosomal protein
AT5G02450 60S ribosomal protein L36-3;RPL36C;ortholog 60S RIBOSOMAL PROTEIN L36 (PTHR10114:SF0) ribosomal protein
AT3G02080 40S ribosomal protein S19-1;RPS19A;ortholog 40S RIBOSOMAL PROTEIN S19A-RELATED (PTHR11710:SF0) ribosomal protein
AT3G60245 60S ribosomal protein L37a-2;RPL37AC;ortholog 60S RIBOSOMAL PROTEIN L37A (PTHR11517:SF23) ribosomal protein
AT4G27090 60S ribosomal protein L14-2;RPL14B;ortholog 60S RIBOSOMAL PROTEIN L14 (PTHR11127:SF2)
AT5G56010 Heat shock protein 90-3;HSP90-3;ortholog HEAT SHOCK PROTEIN 90-2-RELATED (PTHR11528:SF43) Hsp90 family chaperone
AT5G56500 Chaperonin 60 subunit beta 3, chloroplastic;CPN60B3;ortholog CHAPERONIN 60 SUBUNIT BETA 1, CHLOROPLASTIC-RELATED (PTHR11353:SF8) chaperonin
AT5G42020
Mediator of RNA polymerase II transcription subunit 
37f;MED37F;ortholog 78 KDA GLUCOSE-REGULATED PROTEIN (PTHR19375:SF144) Hsp70 family chaperone
AT1G26630
Eukaryotic translation initiation factor 5A-
2;At1g26630;ortholog EUKARYOTIC TRANSLATION INITIATION FACTOR 5A (PTHR11673:SF6) translation initiation factor
AT3G19760 DEAD-box ATP-dependent RNA helicase 2;RH2;ortholog EUKARYOTIC INITIATION FACTOR 4A-III (PTHR24031:SF57) RNA helicase;translation initiation factor;helicase
AT3G13300 Enhancer of mRNA-decapping protein 4;VCS;ortholog ENHANCER OF MRNA-DECAPPING PROTEIN 4 (PTHR15598:SF5) major histocompatibility complex antigen
AT5G56950 Nucleosome assembly protein;MHM17.6;ortholog AT14585P-RELATED (PTHR11875:SF7) phosphatase inhibitor
AT3G14940 Phosphoenolpyruvate carboxylase 3;PPC3;ortholog PHOSPHOENOLPYRUVATE CARBOXYLASE 1-RELATED (PTHR30523:SF2) lyase
AT3G52930 Fructose-bisphosphate aldolase;F8J2_100;ortholog FRUCTOSE-BISPHOSPHATE ALDOLASE (PTHR11627:SF7)
AT3G55610 Delta-1-pyrroline-5-carboxylate synthase B;P5CSB;ortholog DELTA-1-PYRROLINE-5-CARBOXYLATE SYNTHASE (PTHR11063:SF8) amino acid kinase;dehydrogenase;amino acid kinase
AT4G11150 V-type proton ATPase subunit E1;VHA-E1;ortholog ATP6V1E1 PROTEIN (PTHR11583:SF1)
AT3G32980 Peroxidase 32;PER32;ortholog PEROXIDASE 22-RELATED (PTHR31388:SF7)
AT5G10860
CBS domain-containing protein CBSX3, 
mitochondrial;CBSX3;ortholog
CBS DOMAIN-CONTAINING PROTEIN CBSX3, MITOCHONDRIAL-RELATED 
(PTHR11911:SF54) dehydrogenase;reductase
AT1G27090 Putative uncharacterized protein At1g27090;At1g27090;ortholog SUBFAMILY NOT NAMED (PTHR24031:SF184) RNA helicase;helicase
AT1G74910 ADP-glucose pyrophosphorylase-like protein;F9E10.24;ortholog MANNOSE-1-PHOSPHATE GUANYLTRANSFERASE ALPHA (PTHR22572:SF85)
nucleotidyltransferase;translation initiation 
factor;guanyl-nucleotide exchange factor
AT1G48920 Nucleolin 1;NUCL1;ortholog NUCLEOLIN 1-RELATED (PTHR24012:SF330)
mRNA polyadenylation factor;mRNA splicing 
factor;ribonucleoprotein;ribosomal protein
AT4G35770
Rhodanese-like domain-containing protein 15, 
chloroplastic;STR15;ortholog
THIOSULFATE SULFURTRANSFERASE/RHODANESE-LIKE DOMAIN-CONTAINING PROTEIN 3 
(PTHR13253:SF10)
AT4G33865 40S ribosomal protein S29;RPS29A;ortholog 40S RIBOSOMAL PROTEIN S29 (PTHR12010:SF2)
AT1G67430 60S ribosomal protein L17-2;RPL17B;ortholog 60S RIBOSOMAL PROTEIN L17 (PTHR11593:SF5)
AT5G16130 40S ribosomal protein S7-3;RPS7C;ortholog 40S RIBOSOMAL PROTEIN S7 (PTHR11278:SF0) ribosomal protein
AT5G58420 40S ribosomal protein S4-3;RPS4D;ortholog 40S RIBOSOMAL PROTEIN S4, X ISOFORM (PTHR11581:SF0) ribosomal protein
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AT2G32060 40S ribosomal protein S12-2;RPS12C;ortholog 40S RIBOSOMAL PROTEIN S12 (PTHR11843:SF0) ribosomal protein
AT3G05590 60S ribosomal protein L18-2;RPL18B;ortholog 60S RIBOSOMAL PROTEIN L18 (PTHR10934:SF2)
AT1G23290 60S ribosomal protein L27a-2;RPL27AB;ortholog 60S RIBOSOMAL PROTEIN L27A (PTHR11721:SF3) ribosomal protein
AT5G61170 40S ribosomal protein S19-3;RPS19C;ortholog 40S RIBOSOMAL PROTEIN S19A-RELATED (PTHR11710:SF0) ribosomal protein
AT3G09440 Heat shock 70 kDa protein 3;HSP70-3;ortholog HEAT SHOCK 70 KDA PROTEIN 3 (PTHR19375:SF164) Hsp70 family chaperone
AT5G16070 At5g16070;At5g16070;ortholog GH13725P (PTHR11353:SF21) chaperonin
AT5G58290 26S protease regulatory subunit 6B homolog;RPT3;ortholog 26S PROTEASE REGULATORY SUBUNIT 6B (PTHR23073:SF8) hydrolase
AT2G21660 Glycine-rich RNA-binding protein 7;RBG7;ortholog GLYCINE-RICH RNA-BINDING PROTEIN 7-RELATED (PTHR24012:SF238)
mRNA polyadenylation factor;mRNA splicing 
factor;ribonucleoprotein;ribosomal protein
AT5G49500 Signal recognition particle 54 kDa protein 2;SRP-54B;ortholog SIGNAL RECOGNITION PARTICLE 54 KDA PROTEIN (PTHR11564:SF5) RNA binding protein;G-protein
AT1G78570 Probable rhamnose biosynthetic enzyme 1;RHM1;ortholog DTDP-D-GLUCOSE 4,6-DEHYDRATASE (PTHR10366:SF41) oxidoreductase;dehydratase;epimerase/racemase
AT1G47128 Cysteine proteinase RD21a;RD21A;ortholog CATHEPSIN L-RELATED (PTHR12411:SF289) cysteine protease;cysteine protease
AT3G48930 40S ribosomal protein S11-1;RPS11A;ortholog 40S RIBOSOMAL PROTEIN S11 (PTHR10744:SF9) ribosomal protein
AT4G16143 Importin subunit alpha;IMPA-2;ortholog IMPORTIN SUBUNIT ALPHA (PTHR23316:SF0) transfer/carrier protein
AT1G22300 14-3-3-like protein GF14 epsilon;GRF10;ortholog 14-3-3 FAMILY PROTEIN-RELATED (PTHR18860:SF20) chaperone
AT1G48600 Phosphoethanolamine N-methyltransferase 2;NMT2;ortholog PHOSPHOETHANOLAMINE N-METHYLTRANSFERASE 1-RELATED (PTHR10108:SF163) methyltransferase
AT1G20950
Pyrophosphate--fructose 6-phosphate 1-phosphotransferase 
subunit alpha 1;PFP-ALPHA1;ortholog
PYROPHOSPHATE--FRUCTOSE 6-PHOSPHATE 1-PHOSPHOTRANSFERASE SUBUNIT ALPHA 1-
RELATED (PTHR13697:SF1) carbohydrate kinase;carbohydrate kinase
AT1G76550
Pyrophosphate--fructose 6-phosphate 1-phosphotransferase 
subunit alpha 2;PFP-ALPHA2;ortholog
PYROPHOSPHATE--FRUCTOSE 6-PHOSPHATE 1-PHOSPHOTRANSFERASE SUBUNIT ALPHA 1-
RELATED (PTHR13697:SF1) carbohydrate kinase;carbohydrate kinase
AT3G09820 Adenosine kinase 1;ADK1;ortholog ADENOSINE KINASE (PTHR10584:SF24)
carbohydrate kinase;nucleotide kinase;carbohydrate 
kinase;nucleotide kinase
AT5G37510
NADH dehydrogenase [ubiquinone] iron-sulfur protein 1, 
mitochondrial;EMB1467;ortholog
NADH-UBIQUINONE OXIDOREDUCTASE 75 KDA SUBUNIT, MITOCHONDRIAL 
(PTHR11615:SF115) dehydrogenase;reductase
AT5G04740 ACT domain-containing protein;T1E3_100;ortholog ACT DOMAIN-CONTAINING PROTEIN (PTHR31096:SF8)
AT5G55190 GTP-binding nuclear protein Ran-3;RAN3;ortholog GTP-BINDING NUCLEAR PROTEIN RAN (PTHR24071:SF0) small GTPase
AT3G04400 60S ribosomal protein L23;RPL23A;ortholog 60S RIBOSOMAL PROTEIN L23 (PTHR11761:SF8) ribosomal protein
AT1G69620 60S ribosomal protein L34-2;RPL34B;ortholog 60S RIBOSOMAL PROTEIN L34 (PTHR10759:SF0) ribosomal protein
AT4G31700 40S ribosomal protein S6-1;RPS6A;ortholog 40S RIBOSOMAL PROTEIN S6 (PTHR11502:SF6)
AT1G79930 Heat shock 70 kDa protein 14;HSP70-14;ortholog HSC70CB, ISOFORM A (PTHR19375:SF78) Hsp70 family chaperone
AT5G50920 Chaperone protein ClpC1, chloroplastic;CLPC1;ortholog CHAPERONE PROTEIN CLPC1, CHLOROPLASTIC-RELATED (PTHR11638:SF90) protease;protease;chaperone
AT4G29040 26S proteasome regulatory subunit 4 homolog A;RPT2A;ortholog 26S PROTEASE REGULATORY SUBUNIT 4 (PTHR23073:SF9) hydrolase
AT1G45145 Thioredoxin H5;TRX5;ortholog THIOREDOXIN (PTHR10438:SF126) oxidoreductase
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AT5G44340 Tubulin beta-4 chain;TUBB4;ortholog TUBULIN BETA-1 CHAIN (PTHR11588:SF9) tubulin
AT5G12250 Tubulin beta-6 chain;TUBB6;ortholog TUBULIN BETA-6 CHAIN (PTHR11588:SF72) tubulin
AT5G50850
Pyruvate dehydrogenase E1 component subunit beta-1, 
mitochondrial;PDH2;ortholog
PYRUVATE DEHYDROGENASE E1 COMPONENT SUBUNIT BETA, MITOCHONDRIAL 
(PTHR11624:SF56) transketolase;dehydrogenase;lyase
AT3G20050 T-complex protein 1 subunit alpha;CCT1;ortholog T-COMPLEX PROTEIN 1 SUBUNIT ALPHA (PTHR11353:SF20) chaperonin
AT1G78300 14-3-3-like protein GF14 omega;GRF2;ortholog 14-3-3-LIKE PROTEIN GF14 CHI-RELATED (PTHR18860:SF15) chaperone
AT1G53280 Protein DJ-1 homolog B;DJ1B;ortholog PROTEIN DJ-1 (PTHR11019:SF4)
transcription factor;cysteine protease;RNA binding 
protein;cysteine protease
AT4G34450 Coatomer subunit gamma;At4g34450;ortholog COATOMER SUBUNIT GAMMA-2 (PTHR10261:SF0) vesicle coat protein
AT5G61220 At5g61220;At5g61220;ortholog PROTEIN BCN92 (PTHR13166:SF7)
AT4G11820 Hydroxymethylglutaryl-CoA synthase;HMGS;ortholog HMG COENZYME A SYNTHASE, ISOFORM A (PTHR11877:SF10) transferase;lyase
AT5G35360 Biotin carboxylase, chloroplastic;CAC2;ortholog BIOTIN CARBOXYLASE, CHLOROPLASTIC (PTHR18866:SF79) ligase
AT5G60790 ABC transporter F family member 1;ABCF1;ortholog ATP-BINDING CASSETTE SUB-FAMILY F MEMBER 2 (PTHR19211:SF15)
ATP-binding cassette (ABC) transporter;translation 
elongation factor;hydrolase
AT2G36160 40S ribosomal protein S14-1;RPS14A;ortholog 40S RIBOSOMAL PROTEIN S14 (PTHR11759:SF1) ribosomal protein
AT2G01250 60S ribosomal protein L7-2;RPL7B;ortholog 60S RIBOSOMAL PROTEIN L7 (PTHR11524:SF6) ribosomal protein
AT2G37270 40S ribosomal protein S5-1;RPS5A;ortholog 40S RIBOSOMAL PROTEIN S5 (PTHR11205:SF18) ribosomal protein
AT1G43170 60S ribosomal protein L3-1;ARP1;ortholog 60S RIBOSOMAL PROTEIN L3 (PTHR11363:SF5) ribosomal protein
AT5G04800 40S ribosomal protein S17-4;RPS17D;ortholog 40S RIBOSOMAL PROTEIN S17-RELATED (PTHR10732:SF0) ribosomal protein
AT3G53020 60S ribosomal protein L24-2;RPL24B;ortholog 60S RIBOSOMAL PROTEIN L24 (PTHR10792:SF1) ribosomal protein
AT1G02780 60S ribosomal protein L19-1;RPL19A;ortholog 60S RIBOSOMAL PROTEIN L19 (PTHR10722:SF0) ribosomal protein
AT1G70600 60S ribosomal protein L27a-3;RPL27AC;ortholog 60S RIBOSOMAL PROTEIN L27A (PTHR11721:SF3) ribosomal protein
AT3G04920 40S ribosomal protein S24-1;RPS24A;ortholog 40S RIBOSOMAL PROTEIN S24 (PTHR10496:SF0) ribosomal protein
AT5G59850 40S ribosomal protein S15a-1;RPS15AA;ortholog RIBOSOMAL PROTEIN S15A (PTHR11758:SF4) ribosomal protein
AT3G11830 AT3g11830/F26K24_12;F26K24.12;ortholog T-COMPLEX PROTEIN 1 SUBUNIT ETA (PTHR11353:SF22) chaperonin
AT2G47110 Ubiquitin-40S ribosomal protein S27a-2;RPS27AB;ortholog F15I1.1 PROTEIN-RELATED (PTHR10666:SF86) ribosomal protein
AT3G62250 Ubiquitin-40S ribosomal protein S27a-3;RPS27AC;ortholog F15I1.1 PROTEIN-RELATED (PTHR10666:SF86) ribosomal protein
AT3G58510 DEAD-box ATP-dependent RNA helicase 11;RH11;ortholog ATP-DEPENDENT RNA HELICASE DDX3X (PTHR24031:SF9) RNA helicase;helicase
AT5G07350 TUDOR-SN protein 1;Tudor1;ortholog STAPHYLOCOCCAL NUCLEASE DOMAIN-CONTAINING PROTEIN 1 (PTHR12302:SF2) transcription cofactor;nucleic acid binding
AT5G61780 100 kDa coactivator-like protein;Tudor2;ortholog STAPHYLOCOCCAL NUCLEASE DOMAIN-CONTAINING PROTEIN 1 (PTHR12302:SF2) transcription cofactor;nucleic acid binding
AT5G42980 Thioredoxin H3;TRX3;ortholog THIOREDOXIN (PTHR10438:SF126) oxidoreductase
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protein;At3g62530;ortholog DEOXYHYPUSINE HYDROXYLASE (PTHR12697:SF5)
AT5G08690 ATP synthase subunit beta-2, mitochondrial;At5g08690;ortholog ATP SYNTHASE SUBUNIT BETA, MITOCHONDRIAL (PTHR15184:SF32)
ATP synthase;anion channel;ligand-gated ion 
channel;ligand-gated ion channel;DNA binding 
protein;hydrolase
AT1G70850 MLP-like protein 34;MLP34;ortholog MLP-LIKE PROTEIN 165-RELATED (PTHR31907:SF1)
AT4G39980
Phospho-2-dehydro-3-deoxyheptonate aldolase 1, 
chloroplastic;DHS1;ortholog CLASS-II DAHP SYNTHETASE-LIKE PROTEIN-RELATED (PTHR21337:SF0)
AT1G17745
D-3-phosphoglycerate dehydrogenase, 
chloroplastic;At1g17745;ortholog D-3-PHOSPHOGLYCERATE DEHYDROGENASE (PTHR10996:SF20) dehydrogenase
AT1G79340 Metacaspase-4;AMC4;ortholog METACASPASE-4-RELATED (PTHR31810:SF4)
AT1G04410 Malate dehydrogenase, cytoplasmic 1;At1g04410;ortholog MALATE DEHYDROGENASE, CYTOPLASMIC (PTHR23382:SF3) dehydrogenase
AT1G11860 Aminomethyltransferase, mitochondrial;GDCST;ortholog AMINOMETHYLTRANSFERASE, MITOCHONDRIAL (PTHR13847:SF5) dehydrogenase;oxidase
AT2G01350 At2g01350/F10A8.23;QPT;ortholog SUBFAMILY NOT NAMED (PTHR32179:SF3)
AT1G74100 Cytosolic sulfotransferase 16;SOT16;ortholog CYTOSOLIC SULFOTRANSFERASE 1-RELATED (PTHR11783:SF15) transferase
AT3G25800
Serine/threonine-protein phosphatase 2A 65 kDa regulatory 
subunit A beta isoform;PP2AA2;ortholog
PROTEIN PHOSPHATASE 2 (FORMERLY 2A), REGULATORY SUBUNIT A, BETA ISOFORM 
(PTHR10648:SF4) protein phosphatase;protein phosphatase
AT3G43300
Brefeldin A-inhibited guanine nucleotide-exchange protein 
5;BIG5;ortholog
BREFELDIN A-INHIBITED GUANINE NUCLEOTIDE-EXCHANGE PROTEIN 5 
(PTHR10663:SF133) guanyl-nucleotide exchange factor
AT3G54640 Tryptophan synthase alpha chain, chloroplastic;TSA1;ortholog TRYPTOPHAN SYNTHASE ALPHA CHAIN-RELATED (PTHR10314:SF88) dehydratase;epimerase/racemase;deaminase
AT5G13420 Putative transaldolase;T22N19_70;ortholog TRANSALDOLASE-RELATED (PTHR10683:SF3)
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AT5G35530 | Symbols:  | Ribosomal protein S3 family protein | chr5:13710355-13712192 REVERSE LENGTH=248
AT3G09680,AT5G02960 | Symbols:  | Ribosomal protein S12/S23 family protein | chr5:693280-694396 REVERSE LENGTH=142
AT2G36160 | Symbols:  | Ribosomal protein S11 family protein | chr2:15169925-15171159 FORWARD LENGTH=150
AT5G20290 | Symbols:  | Ribosomal protein S8e family protein | chr5:6851695-6853012 REVERSE LENGTH=222
AT3G11510 | Symbols:  | Ribosomal protein S11 family protein | chr3:3623757-3624866 REVERSE LENGTH=150
AT2G41840 | Symbols:  | Ribosomal protein S5 family protein | chr2:17460016-17461398 REVERSE LENGTH=285
AT3G43980,AT3G44010,AT4G33865 | Symbols:  | Ribosomal protein S14p/S29e family protein | chr4:16233395-16234114 REVERSE LENGTH=56
AT3G11940 | Symbols: ATRPS5A, AML1, RPS5A | ribosomal protein 5A | chr3:3778175-3779354 REVERSE LENGTH=207
AT2G37270 | Symbols: ATRPS5B, RPS5B | ribosomal protein 5B | chr2:15647883-15649042 REVERSE LENGTH=207
AT2G04390,AT2G05220,AT3G10610,AT5G04800 | Symbols:  | Ribosomal S17 family protein | chr5:1389217-1389642 FORWARD LENGTH=141
AT5G16130 | Symbols:  | Ribosomal protein S7e family protein | chr5:5268984-5269912 FORWARD LENGTH=190
AT1G48830 | Symbols:  | Ribosomal protein S7e family protein | chr1:18059854-18060935 REVERSE LENGTH=191
AT4G31700 | Symbols: RPS6, RPS6A | ribosomal protein S6 | chr4:15346306-15347714 REVERSE LENGTH=250
AT2G17360,AT5G07090,AT5G58420 | Symbols:  | Ribosomal protein S4 (RPS4A) family protein | chr5:23619599-23620896 FORWARD LENGTH=262
AT2G45710,AT3G61110 | Symbols: ARS27A, RS27A | ribosomal protein S27 | chr3:22611710-22612632 FORWARD LENGTH=86
AT2G09990,AT5G18380 | Symbols:  | Ribosomal protein S5 domain 2-like superfamily protein | chr5:6090253-6090693 REVERSE LENGTH=146
AT5G23740 | Symbols: RPS11-BETA | ribosomal protein S11-beta | chr5:8008251-8009330 REVERSE LENGTH=159
AT3G02080 | Symbols:  | Ribosomal protein S19e family protein | chr3:364138-365161 REVERSE LENGTH=143
AT5G47930 | Symbols:  | Zinc-binding ribosomal protein family protein | chr5:19406423-19407329 REVERSE LENGTH=84
AT3G60770,AT4G00100 | Symbols: ATRPS13A, RPS13, PFL2, RPS13A | ribosomal protein S13A | chr4:37172-38123 FORWARD LENGTH=151
AT3G04920 | Symbols:  | Ribosomal protein S24e family protein | chr3:1360989-1362065 FORWARD LENGTH=133
AT3G60245 | Symbols:  | Zinc-binding ribosomal protein family protein | chr3:22268803-22269750 FORWARD LENGTH=92
AT5G61170 | Symbols:  | Ribosomal protein S19e family protein | chr5:24611158-24612202 FORWARD LENGTH=143
AT3G45030,AT5G62300 | Symbols:  | Ribosomal protein S10p/S20e family protein | chr5:25021388-25022235 REVERSE LENGTH=124
AT1G22780,AT1G34030,AT4G09800 | Symbols: RPS18C | S18 ribosomal protein | chr4:6173818-6174963 FORWARD LENGTH=152
AT1G07770,AT5G59850 | Symbols:  | Ribosomal protein S8 family protein | chr5:24112499-24113084 REVERSE LENGTH=130
AT1G57660,AT1G57860 | Symbols:  | Translation protein SH3-like family protein | chr1:21430034-21430827 REVERSE LENGTH=164
AT3G09630 | Symbols:  | Ribosomal protein L4/L1 family | chr3:2953813-2955444 FORWARD LENGTH=406
AT1G14320,AT1G26910,AT1G66580 | Symbols: SAG24, RPL10C | senescence associated gene 24 | chr1:24839208-24840439 FORWARD LENGTH=221
AT3G62870 | Symbols:  | Ribosomal protein L7Ae/L30e/S12e/Gadd45 family protein | chr3:23242862-23244273 REVERSE LENGTH=256
AT1G04480,AT2G33370,AT3G04400 | Symbols: emb2171 | Ribosomal protein L14p/L23e family protein | chr3:1167339-1168308 FORWARD LENGTH=140
AT2G01250 | Symbols:  | Ribosomal protein L30/L7 family protein | chr2:132943-134264 REVERSE LENGTH=242
AT1G69620 | Symbols: RPL34 | ribosomal protein L34 | chr1:26189900-26191081 FORWARD LENGTH=119
AT2G18020 | Symbols: EMB2296 | Ribosomal protein L2 family | chr2:7837151-7838160 FORWARD LENGTH=258
AT1G43170 | Symbols: ARP1, emb2207, RPL3A, RP1 | ribosomal protein 1 | chr1:16266992-16268631 FORWARD LENGTH=389
AT3G05560 | Symbols:  | Ribosomal L22e protein family | chr3:1614641-1615204 FORWARD LENGTH=124
AT5G27770 | Symbols:  | Ribosomal L22e protein family | chr5:9836166-9837113 FORWARD LENGTH=124
AT1G67430 | Symbols:  | Ribosomal protein L22p/L17e family protein | chr1:25262209-25263627 FORWARD LENGTH=175
AT3G24830 | Symbols:  | Ribosomal protein L13 family protein | chr3:9064613-9065871 FORWARD LENGTH=206
AT1G77940 | Symbols:  | Ribosomal protein L7Ae/L30e/S12e/Gadd45 family protein | chr1:29304116-29305288 REVERSE LENGTH=112
AT2G27530 | Symbols: PGY1 | Ribosomal protein L1p/L10e family | chr2:11763443-11764570 REVERSE LENGTH=216
AT3G53020 | Symbols: STV1, RPL24B, RPL24 | Ribosomal protein L24e family protein | chr3:19660749-19661912 REVERSE LENGTH=163
AT1G27400 | Symbols:  | Ribosomal protein L22p/L17e family protein | chr1:9515230-9516725 FORWARD LENGTH=176
AT3G55280 | Symbols: RPL23AB | ribosomal protein L23AB | chr3:20500667-20501519 FORWARD LENGTH=154
AT1G02780 | Symbols: emb2386 | Ribosomal protein L19e family protein | chr1:608120-609391 REVERSE LENGTH=214
AT2G39390,AT5G02610 | Symbols:  | Ribosomal L29 family protein  | chr5:587611-588547 FORWARD LENGTH=146
AT2G32060 | Symbols:  | Ribosomal protein L7Ae/L30e/S12e/Gadd45 family protein | chr2:13639228-13640104 REVERSE LENGTH=144
AT4G18100 | Symbols:  | Ribosomal protein L32e | chr4:10035715-10036475 REVERSE LENGTH=133
AT3G53740,AT5G02450 | Symbols:  | Ribosomal protein L36e family protein | chr5:533501-534394 FORWARD LENGTH=108





AT3G05590 | Symbols: RPL18 | ribosomal protein L18 | chr3:1621511-1622775 FORWARD LENGTH=187
AT5G27850 | Symbols:  | Ribosomal protein L18e/L15 superfamily protein | chr5:9873169-9874297 FORWARD LENGTH=187
AT2G42740,AT3G58700,AT4G18730,AT5G45775 | Symbols:  | Ribosomal L5P family protein | chr5:18565281-18566496 REVERSE LENGTH=182
AT3G07110 | Symbols:  | Ribosomal protein L13 family protein | chr3:2252092-2253332 FORWARD LENGTH=207
AT2G43460,AT3G59540 | Symbols:  | Ribosomal L38e protein family | chr3:21995897-21996742 REVERSE LENGTH=69
AT1G70600 | Symbols:  | Ribosomal protein L18e/L15 superfamily protein | chr1:26621168-26621608 REVERSE LENGTH=146
AT1G23290 | Symbols: RPL27A, RPL27AB | Ribosomal protein L18e/L15 superfamily protein | chr1:8263007-8263447 FORWARD LENGTH=146
AT1G18540 | Symbols:  | Ribosomal protein L6 family protein | chr1:6377448-6378548 REVERSE LENGTH=233
AT4G27090 | Symbols:  | Ribosomal protein L14 | chr4:13594104-13595187 REVERSE LENGTH=134
AT4G22380,AT5G20160 | Symbols:  | Ribosomal protein L7Ae/L30e/S12e/Gadd45 family protein | chr5:6804075-6805102 REVERSE LENGTH=160
AT2G27710 | Symbols:  | 60S acidic ribosomal protein family | chr2:11816929-11817670 FORWARD LENGTH=115
AT5G56010 | Symbols: HSP81-3, Hsp81.3, AtHsp90-3, AtHsp90.3 | heat shock protein 81-3 | chr5:22681410-22683911 FORWARD LENGTH=699
AT3G09440 | Symbols:  | Heat shock protein 70 (Hsp 70) family protein | chr3:2903434-2905632 REVERSE LENGTH=649
AT3G11830 | Symbols:  | TCP-1/cpn60 chaperonin family protein | chr3:3732734-3736156 FORWARD LENGTH=557
AT5G56500 | Symbols:  | TCP-1/cpn60 chaperonin family protein | chr5:22874058-22876966 FORWARD LENGTH=597
AT5G16070 | Symbols:  | TCP-1/cpn60 chaperonin family protein | chr5:5247549-5251050 REVERSE LENGTH=535
AT3G02530 | Symbols:  | TCP-1/cpn60 chaperonin family protein | chr3:528806-532457 REVERSE LENGTH=535
AT5G42020 | Symbols: BIP, BIP2 | Heat shock protein 70 (Hsp 70) family protein | chr5:16807697-16810480 REVERSE LENGTH=668
AT5G28540 | Symbols: BIP1 | heat shock protein 70 (Hsp 70) family protein | chr5:10540665-10543274 REVERSE LENGTH=669
AT1G79920,AT1G79930 | Symbols: HSP91 | heat shock protein 91 | chr1:30063781-30067067 REVERSE LENGTH=831
AT3G03960 | Symbols:  | TCP-1/cpn60 chaperonin family protein | chr3:1024432-1027604 FORWARD LENGTH=549
AT5G50920 | Symbols: CLPC, ATHSP93-V, HSP93-V, DCA1, CLPC1 | CLPC homologue 1 | chr5:20715710-20719800 REVERSE LENGTH=929
AT3G18190 | Symbols:  | TCP-1/cpn60 chaperonin family protein | chr3:6232226-6233836 FORWARD LENGTH=536
AT2G28000 | Symbols: CPN60A, CH-CPN60A, SLP | chaperonin-60alpha | chr2:11926603-11929184 FORWARD LENGTH=586
AT3G07770 | Symbols: Hsp89, AtHsp90.6, AtHsp90-6 | HEAT SHOCK PROTEIN 89 | chr3:2479611-2483970 FORWARD LENGTH=799
AT3G44110 | Symbols: ATJ3, ATJ | DNAJ homologue 3 | chr3:15869115-15871059 REVERSE LENGTH=420
AT5G26360 | Symbols:  | TCP-1/cpn60 chaperonin family protein | chr5:9255561-9258891 REVERSE LENGTH=555
AT2G30110 | Symbols: ATUBA1, MOS5, UBA1 | ubiquitin-activating enzyme 1 | chr2:12852632-12857369 REVERSE LENGTH=1080
AT2G20580 | Symbols: RPN1A, ATRPN1A | 26S proteasome regulatory subunit S2 1A | chr2:8859211-8864699 FORWARD LENGTH=891
AT2G36170,AT3G52590 | Symbols: UBQ1, EMB2167, ERD16, HAP4 | ubiquitin extension protein 1 | chr3:19505668-19506681 FORWARD LENGTH=128
AT2G47110 | Symbols: UBQ6 | ubiquitin 6 | chr2:19344701-19345174 FORWARD LENGTH=157
AT3G62250 | Symbols: UBQ5 | ubiquitin 5 | chr3:23037138-23037611 FORWARD LENGTH=157
AT2G20140,AT4G29040 | Symbols: RPT2a | regulatory particle AAA-ATPase 2A | chr4:14312369-14314386 FORWARD LENGTH=443
AT5G58290 | Symbols: RPT3 | regulatory particle triple-A ATPase 3 | chr5:23569155-23571116 FORWARD LENGTH=408
AT4G38630 | Symbols: RPN10, MCB1, ATMCB1, MBP1 | regulatory particle non-ATPase 10 | chr4:18057357-18059459 REVERSE LENGTH=386
AT5G19990,AT5G20000 | Symbols:  | AAA-type ATPase family protein | chr5:6756915-6759550 FORWARD LENGTH=419
AT1G45000 | Symbols:  | AAA-type ATPase family protein | chr1:17009220-17011607 FORWARD LENGTH=399
AT1G53750 | Symbols: RPT1A | regulatory particle triple-A 1A | chr1:20065921-20068324 REVERSE LENGTH=426
AT1G26630
| Symbols: FBR12, ATELF5A-2, ELF5A-2 | Eukaryotic translation initiation factor 5A-1 (eIF-5A 1) protein | chr1:9205968-9207098 FORWARD 
LENGTH=159
AT3G13920 | Symbols: EIF4A1, RH4, TIF4A1 | eukaryotic translation initiation factor 4A1 | chr3:4592586-4594128 REVERSE LENGTH=415
AT1G57720 | Symbols:  | Translation elongation factor EF1B, gamma chain | chr1:21377873-21380114 FORWARD LENGTH=413
AT3G19760 | Symbols: EIF4A-III | eukaryotic initiation factor 4A-III | chr3:6863790-6866242 FORWARD LENGTH=408
AT5G57870 | Symbols: eIFiso4G1 | MIF4G domain-containing protein / MA3 domain-containing protein | chr5:23439755-23443433 FORWARD LENGTH=780
AT2G23350 | Symbols: PAB4, PABP4 | poly(A) binding protein 4 | chr2:9943209-9946041 FORWARD LENGTH=662
AT3G58510 | Symbols:  | DEA(D/H)-box RNA helicase family protein | chr3:21640608-21643464 FORWARD LENGTH=612
AT5G07350 | Symbols: Tudor1, AtTudor1, TSN1 | TUDOR-SN protein 1 | chr5:2320021-2324892 REVERSE LENGTH=1007
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AT5G61780 | Symbols: Tudor2, AtTudor2, TSN2 | TUDOR-SN protein 2 | chr5:24822012-24826641 FORWARD LENGTH=985
AT3G13300 | Symbols: VCS | Transducin/WD40 repeat-like superfamily protein | chr3:4304085-4309949 FORWARD LENGTH=1344
AT5G11170,AT5G11200 | Symbols:  | DEAD/DEAH box RNA helicase family protein  | chr5:3567389-3570686 FORWARD LENGTH=486
AT2G21660 | Symbols: ATGRP7, CCR2, GR-RBP7, GRP7 | cold, circadian rhythm, and rna binding 2 | chr2:9265477-9266316 REVERSE LENGTH=176
AT1G48900,AT5G49500 | Symbols:  | Signal recognition particle, SRP54 subunit protein | chr5:20077556-20080206 REVERSE LENGTH=497
AT5G56950 | Symbols: NFA03, NFA3, NAP1;3 | nucleosome assembly protein 1;3 | chr5:23032618-23035299 FORWARD LENGTH=374
AT5G60980
| Symbols:  | Nuclear transport factor 2 (NTF2) family protein with RNA binding (RRM-RBD-RNP motifs) domain | chr5:24543988-24546027 FORWARD 
LENGTH=460
AT1G48920 | Symbols: ATNUC-L1, PARL1, NUC-L1 | nucleolin like 1 | chr1:18098186-18101422 FORWARD LENGTH=557
AT4G19210 | Symbols: ATRLI2, RLI2 | RNAse l inhibitor protein 2 | chr4:10501906-10504776 FORWARD LENGTH=605
Gene Silencing
Other RNA binding proteins & RNA processing
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Appendix II. 
Recipe for hydroponics growth medium. The indicated 
reagents were added to mQ H2O to the specified final 
concentrations and pH was adjusted to 5.7 with KOH. 
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